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1. INTRODUCTION 

This r e p o r t  desc r ibes  work performed under c o n t r a c t  NAS-5-3232 dea l ing  

s p e c i f i c a l l y  with techniques  o f  enhancement of  t h e  r a d a r  c ross -sec t ion  of  

pas s ive  communications s a t t e l i t e s .  

The p r e s e n t l y  deployed Echo I and Echo I I s a t e l l i t e s  a r e  s imple and 

s t r a igh t fo rward  i n  concept .  A s  p e r f e c t l y  conducting spheres ,  they  p r e s e n t  a 

r a d a r  echo a rea  o f  Jra2 (where a is t h e  sphere r a d i u s )  independent ly  of t h e  

l o c a t i o n  of  r e c e i v e r  and t r a n s m i t t e r ;  they do n o t  r e q u i r e  a t t i t u d e  s t a b i l i z a -  

t i o n ,  and being i n f l a t a b l e  s t r u c t u r e s ,  can be, with r e l a t i v e  ease,  deployed. 

[The weight, f o r  example, of t h e  Echo I1 payload is approximately 500 pounds.]  

The l i m i t a t i o n s  of  t h e  Echo p r i n c i p a l  are p r a c t i c a l  i n  na tu re .  F i r s t ,  

sma l l  depa r tu re s  of t h e  i n f l a t e d  s t r u c t u r e  from being a p e r f e c t  sphere have been 

shown, t h e o r e t i c a l l y  and experimental ly  t o  cause v a r i a t i o n s  i n  t h e  r a d a r  c ross -  

s e c t i o n ,  as a func t ion  of  viewing angle.  References 1, 2, 3, and 4. These 

v a r i a t i o n s  can cause s c i n t i l l a t i o n s  i n  t h e  time h i s t o r y  o f  t h e  r a d a r  c ross -  

s e c t i ~ r ;  va lues ,  i -esui t i i lg  i n  poss ib l e  degradat ion of connunicat ion performance. 

Second, t h e  only way t o  increase  t h e  power r e f l e c t e d  t o  t h e  r e c e i v e r ,  

u s ing  t h e  Echo p r i n c i p a l ,  is t o  increase  t h e  r a d i u s  of  t h e  ba l loon .  

whereby t h e  power r e f l e c t e d  t o  t h e  r e c e i v e r  may be increased without  i nc reas ing  

t h e  s i z e  of  t h e  r e f l e c t o r ,  o r ,  a l t e r n a t i v e l y ,  t h e  performance o f  t h e  r e f l e c t o r  

may be  maintained, reducing t h e  s i z e  o f  t h e  r e f l e c t o r .  

It has  t h e r e f o r e  been t h e  ob jec t ive  of t h i s  s tudy t o  explore  techniques  

The ques t ion  of  how t h i s  enhancement can be achieved has  been a c t i v e l y  

pursued i n  r e c e n t  yea r s .  

Kaiser  and I. Kay. Reference 5 .  
A summary of  t h i s  research  has  been repor ted  by J. 

The e f f o r t  repor ted  h e r e i n  c o n s i s t s  o f  

Reference 1: Report No. 0 0 3 8 - 2 - ~ - ~  

Reference 2 :  Report No. 0038-B-F 

Reference 3: Report  No. 0038-B-S 

Reference 4: Report No. 0038-7-F 

These r e p o r t s  have been prepared f o r  NASA under c o n t r a c t  NAS-5-3232. 

Reference 5 : Radio Science,  Journa l  of Research, NBS/USNC-URSI, 
N o .  4, A p r i l  1964, pp. 515-517. 

Vol .  68D, 
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t h e o r e t i c a l  and experimental  i nves t iga t ion  o f  enhancement techniques,  some o f  

which have been proposed before,  with t h e  o b j e c t i v e  o f  explor ing  i n  d e t a i l  

t h e i r  mechanisms, e s t a b l i s h i n g  t h e i r  l i m i t a t i o n s ,  and determining avenues 

f o r  f u t u r e  development. 
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2. SUMMARY AND ABSTRACT OF THE INVESTIGATION 

2.1 Electromagnet ic  Lenses 

Electromagnet ic  l enses  cause the  r ays  t o  be ben t  by r e f r a c t i v e  effects  

s o  a s  t o  compress t h e  energy r e f l e c t e d  from t h e  l e n s  i n t o  a narrow angular  

s e c t o r .  A s  t h i s  s e c t o r  is  narrowed, t h e  ga in  increases ,  and i n  t h e  l i m i t i n g  
A 2  case o f  a focused r e f l e c t o r ,  t h e  r ada r  c ross -sec t ion  achieves  t h e  va lue  &I(-) , h 

where A is t h e  geometric c ross -sec t iona l  a rea ,  and h is  t h e  wavelength. 

The r e f r a c t i o n  is achieved by u t i l i z a t i o n  of a medium of v a r i a b l e  r e l a t i v e  

( t o  free space)  p e r m i t t i v i t y .  

a t t i t u d e  s t a b i l i z a t i o n ,  two b a s i c  p r i n c i p l e s  can be used; i n  t h e  Eaton-type 

lens,  e n t e r i n g  r a y s  are caused t o  change t h e i r  d i r e c t i o n  s o l e l y  through t h e  use 

of  r e f r a c t i o n ;  i n  t h e  Luneberg, o r  Siegel-Luneberg type,  t h e  l e n s  is coated 

with a p a r t i a l l y  r e f l e c t i n g  su r face ;  

f r a c t e d  and then  r e f l e c t e d  from the  r e a r  sur face .  

a factor of 4/27 i x t ~  ths radar  cross-section obta ined .  

a t t i t u d e  s t a b i l i z e d ,  t h e  r e a r  sur face  can be coated with a p e r f e c t  conductor .  

For a s p h e r i c a l l y  symmetric lens ,  r e q u i r i n g  no 

rays e n t e r i n g  t h e  l e n s  are first re- 

The opt imal  coa t ing  in t roduces  

i f  t h e  l e n s  is  

The a n a l y s i s  o f  t h e  ope ra t ion  of  t hese  l enses  is g r e a t l y  s i m p l i f i e d  by 

use  of geometric o p t i c s .  

program, and 

ga in  ob ta inab le  f o r  a given b i s t a t i c  s e c t o r  has  been determined. 

measurements on 

This type o f  a n a l y s i s  has  been carried o u t  i n  t h i s  

both t h e  technique of l e n s  syn thes i s  have been e s t a b l i s h e d  and t h e  

Experimental  

a Siegel-Luneberg l e n s  have been performed. The methods of 

geometr ic  o p t i c s  do n o t  t ake  i n t o  account t h e  effects o f  

i l l u s t r a t e  t h e s e  effects, an ana lys i s  o f  t h e  Eaton l ens ,  

magnetic theory,  was performed. 

2.2 L e n t i c u l a r  Senments 

p o l a r i z a t i o n .  To 

us ing  exac t  e l e c t r o -  

A l e n t i c u l a r  segment i s  a s p h e r i c a l  "cap." (See Figure 2.2-1) . - 

/ 
/ -' 

Figure 2 . 1  
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Such a cap, of  diameter  2R, can be a s e c t i o n  of  a sphere of r a d i u s  a, where 
2 a >>Re Consequently, t h e  specu la r  r ada r  c ross -sec t ion  o f  such a cap, fia , 

can be made t o  be much g r e a t e r  than  t h a t  o f  a sphere of  r a d i u s  R. Aside from 

t h e  obvious need f o r  a t t i t u d e  con t ro l  o f  t h i s  t y p e  of r e f l e c t o r ,  t h e  p r i n c i p a l  

e lec t romagnet ic  problem i s  t h e  e f f e c t  o f  t h e  edge. Previous work, done a t  
Conductron, analyzing t h e  e f f e c t  of t h i s  edge, has shown t h a t  t h e  f i e l d  con t r i -  

bu t ion  o f t h e  edge above i s  of t h e  same o rde r  o f  magnitude as t h a t  o f  t h e  

specu la r  r e t u r n .  Consequently, these  two r e t u r n s  have an  i n t e r f e r e n c e  p a t t e r n  

which causes  s u b s t a n t i a l  s c i n t i l l a t i o n s  i n  t h e  r a d a r  c ross -sec t ion  as a 

func t ion  of aspect .  

s c i n t i l l a t i o n s .  

2 .3  Diffuse S c a t t e r i n g  Mechanisms 

An experimental  program was c a r r i e d  ou t  t o  d i sp l ay  t h e s e  

By p lac ing  a l a r g e  number of d i s c r e t e  s c a t t e r i n g  c e n t e r s  on t h e  s u r f a c e  

of  a sphere,  many au thors  have est imated t h a t  t h e  r a d a r  c ross -sec t ion  can be 

increased r z l a t i v e  t o  t he  xominai specular  cross-sectiori. 

of t h i s  e f f e c t  was pursued t o  ob ta in  a q u a n t i t a t i v e  desc r ip t ion .  

chosen was t h e  use  o f  randomly or ien ted  d ipo le s  placed on a sphere.  

was obta ined  which g ives  t h e  average r a d a r  c ross -sec t ion  as a func t ion  o f  

d ipo le  densi ty .  

roughened surface. 

2.4 Surface  Waves 

An i n v e s t i g a t i o n  

The example 

A formula 

This  formula i s  analogous t o  Lambert s c a t t e r i n g  from a 

The concept of  us ing  a mesh-type s p h e r i c a l  s u r f a c e  has  been suggested as 
a means of  secur ing  c ross - sec t iona l  enhancement. This  concept has been 

inves t iga t ed ,  us ing  t h e o r e t i c a l  ana lys i s  of a s p e c i f i c  wire-mesh ba l loon  

s t r u c t u r e .  The r e s u l t s  of experiments performed on f l a t  wire mesh p l a t e s  

r e s u l t e d  i n  a theory  based upon t h e  genera t ion  of  s u r f a c e  waves on t h i s  

s t r u c t u r e ,  causing a p r e d i c t i o n  of radar  c ross -sec t ion  enhancement. 
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3. CONCLUSIONS AND RECOMMENDATIONS 

3 .1  Electromagnetic Lenses 

The e lec t romagnet ic  l e n s  has  t h e  p r i n c i p a l  advantage t h a t  it does n o t  

r e q u i r e  a t t i t u d e  c o n t r o l .  

f o r  Such a device as a func t ion  of  t h e  r equ i r ed  b i s t a t i c  coverage. 

The fol lowing t a b l e  is a l i s t i n g  of  t h e  ga in  a v a i l a b l e  

TABLE 3.1 

B i s t a t i c  Coverage 2 a(db > rra ) 

21.1 
15.2 
11.8 

9.3 

7.5 
6 
4.8 

3.8 
3 

loo 
20° 

30° 
4oo 
50' 
60' 

70' 
80' 
90' 

The angle ,  i n  degrees,  is t h e  maximum angle  between t h e  t r a n s m i t t i n g  and 

r e c e i v i n g  d i r e c t i o n s ,  and t h e  c ross -sec t ion  is t h e  va lue  t h a t  can be achieved 

f o r  a l l  in te rmedia te  angles .  A s  t h e  r equ i r ed  b i s t a t i c  coverage decreases ,  t h e  

l i m i t i n g  case o f  a focused l e n s  is approached; f o r  a s p h e r i c a l l y  s y n t h e t i c  

coa ed Siegel-Luneberg l ens ,  t h i s  cross-sect ion has  t h e  l i m i t i n g  v a l u e a l n a  2 = 6 
27 ( i;) a *. The fo l lowing  t a b l e  gives  t h e  ga in  f o r  a 10 f o o t  r a d i u s  focused,, 

s p h e r i c a l l y  symetr ic  r e f l e c t o r ,  and the r a d i u s  o f  t h e  sphere o f  equ iva len t  c r o s s  

s e c t i o n  as a func t ion  of  f requency,  

3-1. 



500 

1,000 

2,000 
4,000 
8, ooo 

TABLE 3.2 

Radius o f  Equivalent  Sphere 
(ft 

2 o(db > n a  ) 

13 
21 

27 
33 
39 

118 

472 
1,888 
4,552 
18,208 

It is apparent  t h a t  f o r  narrow b i s t a t i c  coverage, t h e  

high ga in  r e l a t i v e  t o  t h e  sphere.  

angle  is t h e  angle  between t h e  r ece iv ing  and t r a n s m i t t i n g  d i r e c t i o n .  

both Tables3.1 and 3.2 are appl icable  t o  a more gene ra l  s i t u a t i o n .  

t h e  ang le  between t h e  r ece iv ing  d i r e c t i o n  and t h e  t r a n s m i t t i n g  d i r e c t i o n  v a r i e s  

between ci fixed value,  

l e n s  has  an extremely 

A s  has  been def ined above, t h e  b i s t a t i c  

However, 

Suppose t h a t  

and G o  + 8 .  (See Figure 3.1) 
@ O ,  

Then Table 3.1, with 8 r ep lac ing  t h e  b i s t a t i c  angle,  cont inues  t o  apply,  and 

as 8 -, 0, Table 3.2 is  app l i cab le ,  

case i n  which it is  desired t o  e s t a b l i s h  jam-proof and non- in te rcept ib le  

communication between two f ixed  ground s t a t i o n s .  For a synchronous s a t e l l i t e  
such communication could be maintained on a twenty-four hour b a s i s ,  f o r  a 

T h i s  is p a r t i c u l a r l y  app l i cab le  t o  t h e  

3-2 



non-synchronous s a t e l l i t e ,  t h e  communication would be  r e s t r i c t e d  t o  t h o s e  
t imes a t  which t h e  s a t e l l i t e  was i n  proper  pos i t i on .  

synchronous s a t e l l i t e s ,  t h e  usable  t ransmiss ion  time could be increased.  

Using s e v e r a l  such non- 

The only fundamental disadvantage o f  t h e  s p h e r i c a l l y  symmetric l e n s  i s  

The s p e c i f i c  g r a v i t y  of  s u i t a b l e  commercially t h e  p o s s i b l e  weight penal ty .  

a v a i l a b l e  d i e l e c t r i c  m a t e r i a l s  i s  approximately 1/3. 

s p h e r i c a l l e n s  t o  which Table 3.2 i s  app l i cab le  could weigh as much a s  8,000 

pounds! A 500 pound l e n s ,  comparable i n  weight t o  Echo, would have a r a d i u s  

of 1.8 f t ;  a focused r e f l e c t o r  with t h i s  diameter would have t h e  same cross-  

s e c t i o n  as Echo I1 only f o r  f requencies  greater than 9,000 MC. 

u se fu lness  as a pas s ive  l i n k  would be l i m i t e d  t o  X-band, and higher ,  f requencies .  

Thus t h e  10 f o o t  r a d i u s  

Thus i t s  

It i s  recommended t h a t  research  be cont inued t o  develop l i g h t  weight 

r e f r a c t i v e  media f o r  t h e  cons t ruc t ion  of  d i e l e c t r i c  l enses .  

t o  t h i s  problem are t h e  use of dipole-loaded foams, p r i n t e d  c i r c u i t s ,  and 

wire g r ids .  

LIL'I? i s  t h e  use of  a r t i f i c i a l  d i e l e c t r i c s  of  three dimensional wire gr id .  

S tanford  Research I n s t i t u t e  (Reference 6) has used t h e s e  s t r u c t u r e s  i n  t h e  

design of  l e n s  antennas. 

s p h e r i c a l  l ens ,  

mylar spheres ,  on which t h e  g r i d s  a r e  imprinted.  

w i t h i n  t h e  s t a t e  o f  t h e  a r t .  
3.2 Len t i cu la r  Segments 

Logica l  s o l u t i o n s  

... Perhaps of  g r e a t e r  p o t e n t i a l  f o r  t h e  passive satellite a p p i c a -  
L-. 

The p r i n c i p a l s  developed are a p p l i c a b l e  t o  t h e  

A p o s s i b l e  mode o f  cons t ruc t ion  i s  t o  u t i l i z e  concen t r i c  

This  cons t ruc t ion  i s  w e l l  

There are two b a s i c  problems presented by t h e  use o f  l e n t i c u l a r  segments. 

The first, and most formidable,  i s  the  development o f  a s t a b i l i z a t i o n  system. 

Methods proposed f o r  t h i s  system use e i t h e r  a g r a v i t y  g r a d i e n t  or i n e r t i a l  

o r i e n t a t i o n  sensoro  

l i z i n g  f o r c e s  ,, 

The hard p a r t  of t h e  problem i s  t h e  product ion o f  s t a b i -  

Reference 6: AFCRL 1107, Report 3, AF 19(604)-8059. 
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i 

The second is  t h e  e l imina t ion  of t h e  e f f e c t  o f  t h e  edge on t h e  r a d a r  

c ross -sec t ion  pa t t e rn .  

e lec t romagnet ic  purposes with mechanical f e a s i b i l i t y .  

This  i s  a problem of  combining a s u i t a b l e  shape f o r  

The b a s i c  s impl i c i ty ,  from t h e  e lec t romagnet ic  p o i n t  o f  view, of  t h e  

l e n t i c u l a r  segment make it an a t t r a c t i v e  device. 

o f  t h e  edge were s t u d i e d  t o  a s u f f i c i e n t  e x t e n t  t o  cause us  t o  recommend 

j u s t  t h e  mechanical problems. 

3 . 3  Diffuse  S c a t t e r i n g  Mechanisms 

I n  t h i s  program, t h e  effects 

The problem s p e c i f i c a l l y  analysed was t h a t  of  t h e  enhancement produced 

by p lac ing ,  with random o r i e n t a t i o n ,  resonant  d ipo le s  on t h e  s u r f a c e  of a 

sphere.  This  could, i n  p r a c t i c e ,  be achieved by e i t h e r  p u t t i n g  non-conducting 

p ieces ,  o r  s l o t s ,  on a conducting sphere, o r  p r i n t i n g  conducting d ipo le s  on a 
non-conducting sphere.  The p r i n c i p a l  r e s u l t  is  t h a t  t h e  ga in  i s  given by: 

where p is  t h e  b i s t a t i c  angle  and n is  t h e  number o f  d ipo le s  pe r  h / 2  x h / 2  

area. For  n = 2, we see t h a t  a 2.3 db g a i n  i s  obtained,  and f o r  n = 3 ,  a 

5.8 db gain.  A s  n i nc reases ,  t h e  formula becomes less  r e l i a b l e ,  as i t s  

d e r i v a t i o n  ignores  mutual coupling among t h e  d ipoles .  

The advantages o f  t h i s  technique i s  t h a t  it is  achieved wi th  no inc rease  

i n  weight, and perhaps l i t t l e  increase  i n  manufacturing cos t .  

There are two disadvantages.  F i r s t ,  t h e  value of  u obta ined  is  a n  

expected value,  and s c i n t i l l a t i o n s  a r e  expected. Second, t h e  use o f  resonant  

d i p o l e s  imp l i e s  a very narrow (about  10%) frequency bandwidth. 

bandwidth can  be increased  by rep lac ing  t h e  d ipo le s  by p l ana r  s p i r a l s ,  which 

are known t o  be broad bandwidth s t r u c t u r e s .  

This  frequency 

It i s  recommended. t h a t  f u r t h e r  study be c a r r i e d  out  t o  inc rease  t h e  band- 

width and t h e  enhancement caused by d i s t r i b u t i n g  resonant  s t r u c t u r e s  on t h e  
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s u r f a c e  of a sphere. 

s t r u c t u r e s ,  such a s  s p i r a l s  and log-periodic  arrays and o t h e r  devices  can be 
placed on t h e  su r face  t o  achieve optimum enhancement, a t  no c o s t  i n  weight. 

3,4 Surface Waves 

It is  a n t i c i p a t e d  t h a t  t h e  use of p l ana r  broadband 

The p r i n c i p a l  r e s u l t  obtained i n  t h i s  i n v e s t i g a t i o n  i s  t h a t  f o r  a s p e c i f i c  

bal loon,  cons t ruc ted  of wire mesh, t h e  t h e o r e t i c a l  enhancement ranged from 2 db, 

a t  2,000 MC t o  8 db a t  6,000 MC, 

t h i s  e f f e c t  is  t h e  f a c t  t h a t  mesh s t r u c t u r e s ,  having a non-zero su r face  

impedance, support  su r f ace  waves, i n  c o n t r a s t  t o  p e r f e c t l y  conducting sur faces ,  

which have zero su r face  impedince. 

r a t i o  between t h e  t a n g e n t i a l  e l e c t r i c  f i e l d  and t h e  surface cu r ren t s .  

surface wave i s  energy which propagates along t h e  sur face ,  wi th  a phase 

v e l o c i t y  determined by t h e  surface p rope r t i e s ,  and which does not  r a d i a t e .  

When t h e  s u r f a c e  wave encounters a d i scon t inu i ty ,  such a s  t h e  te rmina t ion  of 

a wire mesh panel,  c u r r e n t s  are generated i n  this tem,inatioXi which cause 

r a d i a t i o n .  

mesh panels ,  and t h e  r e s u l t i n g  e x c i t a t i o n  of t h e  edges j o i n i n g  t h e s e  pane ls  

caused t h e  enhancement. 

The fundamental mechanism re spons ib l e  f o r  

The su r face  impedance is  def ined as  t h e  

A 

The ba l loon  i n  ques t ion  was cons t ruc ted  of  a l a r g e  number of t h e s e  

I n  a s  much a s  wire mesh s t r u c t u r e s  a r e  being considered a s  m a t e r i a l s  
f o r  f u t u r e  pass ive  communication s a t e l l i t e s ,  it is  recommended t h a t  s t u d i e s  

be cont inued i n  s tudying t h e  electromagnet ic  p r o p e r t i e s  of t h e s e  s t r u c t u r e s ;  

t h e  r e s u l t s  obtained a l ready  i n d i c a t e  t h a t  t hey  do not  behave as specular  

r e f l e c t o r s ,  even f o r  mesh s i z e s  which a r e  much smal le r  t han  t h e  wavelength; 

t h e i r  enhancement e f f e c t  is, a s  i n  t h e  case  of d i f f u s e  s c a t t e r e r s ,  (4-6 db) 

obta ined  a t  no c o s t  i n  weight; however t h e  frequency dependence of t h e  r a d a r  

c ross -sec t ion  p a t t e r n  and t h e  poss ib l e  s c i n t i l l a t i o n s  i n  t h e  p a t t e r n  warrant  

f u r t h e r  i n v e s t i g a t i o n ,  from t h e  po in t  o f  view of  e f f e c t  on performance as a 

communication s a t e l l i t e .  
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4. RECAPITULATION OF RECOMMENDATIONS 

To sum up, t h e r e  have been evaluated a v a r i e t y  of enhancement 

mechanisms: 

1. The most promising, from the  po in t  of  view of  amount of enhance- 

ment which can be obtained, i s  t h e  d i e l e c t r i c  l ens .  It is f e l t  t h a t  

it i s  poss ib l e  t o  synthes ize  l i g h t  weight l enses ,  using a r t i f i c i a l  

d i e l e c t r i c s  t o  overcome t h e  p r i n c i p a l  disadvantage of t h e s e  s t ruc tures- -  

t h e i r  weight. 

2. 

a t  no coat  ir, weight, d i s t r i b u t i n g  resonant  s t r u c t u r e s  on t h e  ba l loon  

s u r f a c e  and using t h e  su r face  wave e f f e c t s  o f  wire mesh structures a r e  

both f eas ib l e .  

e f f e c t - - s e n s i t i v i t y  t o  frequency--can be overcome by using broad- 

banding techniques.  

s c i n t i l l a t i o n s .  

3 .  From t h e  po in t  of view of electromagnet ic  s impl i c i ty ,  t h e  l e n t i c u l a r  

segment is  an a t t r a c t i v e  device for obta in ing  enhancement, f o r  a f i x e d  

s i z e  s a t e l l i t e ,  comparable t o  t h a t  which can be obtained using l enses ;  

provided t h a t  t h e  mechanical problems of deployment and s t a b i l i z a t i o n  

can be overcome, wi th  e l imina t ion  of  e lectromagnet ic  edge e f f e c t s .  

From t h e  p o i n t  of view of  obta in ing  moderate enhancement (up t o  1 0  db) 

It i s  f e l t  t h a t  t h e  p r i n c i p a l  disadvantage o f  t h i s  

A second disadvantage i s  t h e  presence of 
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5 .  TECHNICAL DOCUMENTATION 

This s e c t i o n  con ta ins  t h e  t e c h n i c a l  documentation o f  t h e  preceding 

s e c t i o n s .  

o f  NAS-5-3232, arranged and e d i t e d  t o  conform t o  t h e  arrangement o f  t h e  

preceding s e c t i o n s .  For t h e  sake  of  completeness, some work t h a t  has  been 

performed i n t e r n a l l y ,  a t  Conductron, under company sponsorship,  has been 

included and i d e n t i f i e d .  

5 . 1  E lec t romamet i c  Lenses 

It c o n s i s t s  of memoranda and papers  w r i t t e n  under t h i s p o r t i o n  

R. K.  Luneberg, i n  h i s  monograph "Mathematical Theory o f  Optics" 

(1944) gave a method o f  synthes iz ing  v a r i a b l e  index of  r e f r a c t i n n  s t r u r t u r c s  

with p re sc r ibed  s c a t t e r i n g  c r o s s  sec t ion  p r o p e r t i e s .  

example o f  such a s t r u c t u r e .  

by means of t h e  fol lowing argument: 

The "Luneberg Lens" i s  ari 

The operat ion of t h i s  l e n s  can be understood 

I t  is well-known t h a t ,  f o r  normal p lane  wave incidence,  t h e  back- 
2 2  s c a t t e r i n g  c ross -sec t ion  o f  a f l a t  p l a t e ,  with a rea  A, is 4nA /A . 

-Fn,"-..l L v I L 1 l u L ~  - 1s - 
p l a t e  i s  l a r g e r  than  A. If w e  t h ink  of  t h e  phenomenon i n  terms of  geometric 

o p t i c s ,  a l l  t h e  r ays  which s t r i k e  the p l a t e  a r e  i n  phase, and a r e  reflected 

i n  phase.  See Figure 5.1.  

This 

extremely accu ra t e  a s  long a s  t h e  s m a l l e s t  l i n e a r  dimension of  t h e  

1 
.__ -----t -e-- 

Figure5.1Incoming and Reflected Ray Systems f o r  Fl.at P l a t e  

If t h e  f l a t  p l a t e  i s  replaced by a device which conver t s  t h e  incoming r a y  

system o r  Figure 5 l t o  t h e  r e f l e c t e d  ray system of  Figure5.1, t h e  bachsca t t e r ing  

c ros s - sec t ion  of such a device w i l l  be t h e  same a s  t h a t  o f  t h e  f l a t  p l a t e .  



The Luneberg Lens is such a device. 

Luneberg Lens is i l l u s t r a t e d .  

I n  Figure 5.2, t h e  r a y  pa th  f o r  a 

Figure 3.2 Ray Path f o r  Luneberg Lens 

The l e n s  is  a sphsre  of r a d i u s  a made of  m a t e r i a l  whose r e l a t i v e  d i e l e c t r i c  

c o n s t a n t  is E - 7 ,  where r = r a d i a l  d i s t a n c e  from t h e  c e n t e r  of  t h e  

sphere.  

Each incoming r a y  is r e f r a c t e d  s o  t h a t  t h e  r a y  system is focused and re- 

f l e c t e d  a s  i nd ica t ed  i n  Figure 5.2.  

~JI t both guaranteed t h e  c o r r e c t  focusing, $ut a l s o  governed phase i n  such a 

f a sh ion  a s  t o  provide  an outgoing ray system equ iva len t  t o  t h a t  i n  Figure 5.1. 

r 

a The rear su r face  is coated wi th  a p e r f e c t l y  conducting m a t e r i a l .  

Luneberg showed t h a t  t h e  above choice  

The Luneberg lens, a pas s ive  r ada r  c ross -sec t ion  enhancement device is 

l i m i t e d  inasmuch as t h e  s e c t i o n  of  t he  r e f l e c t o r  r e q u i r e s  t h a t  t h e  l e n s  be 

p rope r ly  o r i en ted  with r e s p e c t  t o  the i l l umina t ing  r ada r .  

l i m i t a t i o n ,  K. M.  Siegel, introduced t h e  fol lowing modi f ica t ion ,  which is t h e  

pa ten ted  Siegel-Luneberg l e n s :  

To remove t h i s  

If t h e  p e r f e c t  conductor used a s  a r e f l e c t o r  on t h e  Luneberg l e n s  is 
rep laced  by a p a r t i a l l y  r e f l e c t i n g  ma te r i a l  which is used t o  c o a t  t h e  e n t i r e  

sphere,  a s p h e r i c a l l y  symmetric r e f l e c t i o n  system is produced. 

has  r e f l e c t i v i t y  R, and t ransmission c o e f f i c i e n t  T, t hen  t h e  r ay  p a t h s  o f  

F igure  5.2 w i l l  be maintained b u t  the r e t u r n  power w i l l  be  mul t ip l i ed  by a 

f a c t o r  T R, corresponding t o  each ray pass ing  through t h e  m a t e r i a l  twice and 

be ing  r e f l e c t e d  once. 

If t h e  m a t e r i a l  

2 
2 If T R is maximized, s u b j e c t  t o  t h e  c o n s t r a i n t  

2 1 2 
3' T + R = 1, it is found t h a t  T = - R = 7, and t h e  product  T R has  t h e  maximum 
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value  4/27. The Siegel-Luneberg lens  t h e r e f o r e  has,  t h e o r e t i c a l l y ,  a back- 

s c a t t e r i n g  c ros s - sec t ion  u, given by 

Such l e n s e s  have been b u i l t  and t e s t e d .  In  p r a c t i c e ,  t h e  effect  o f  t h e  

dependence of  R and T f o r  r e a l  ma te r i a l s  upon angle  of incidence causes  

a decrease  i n  t h e  ga in .  

descr ibed i n  Conductron Corporation Report No. C M - l O O 3 - l ,  "Experimental 

Resu l t s  o f  t h e  Siegel-Luneberg Reflector"  by Robert  R .  Graham, J u l y  5 ,  1961. 

Typical measurements f o r  a Siegel-Luneberg l e n s  a r e  

The l e n s  descr ibed  above gives  t h e  opt imal  back-sca t te r ing  c ross -sec t ion  

f o r  a s p h e r i c a l l y  symmetric pas s ive  device .  

it provides  extremely narrow angular coverage. For b i s t a t i c  coverage, de-  

focusing must be employed. 

Graham, S iege l ,  e t  a 1  ["Optimum Spher ica l ly  Symmetric Corner Ref l ec to r s , "  

bXSI Spring Meeting, 19611; J . E .  Eaton [195j j ,  A.F. Kay [1939], and o the r s  

had p rev ious ly  made major con t r ibu t ions  t o  t h e  p r a c t i c a l  and t h e o r e t i c a l  

understanding of  t h i s  sub jec t .  

It is l i m i t e d  by t h e  fact  t h a t  

The results descr ibed above were f irst  reported by 

In  t h e  remainder of t h i s  sec t ion ,  t h e  t h e o r e t i c a l  b a s i s  f o r  t h e  e l e c t r o -  

magnetic l e n s  w i l l  be developed a s  a se l f -conta ined  s u b j e c t  and t h e  c a p a b i l i t y  

of such l e n s e s  f o r  b i s t a t i c  pas s ive  coverage w i l l  be  explored.  

appended s e v e r a l  r e l a t e d  memoranda. 

We have a l s o  

The s t a r t i n g  po in t ,  of course,  is Maxwell's equa t ions ,  If i n  a medium 

w i t h  r e l a t i v e  d i e l e c t r i c  cons t an t  E, r e l a t i v e  permeabi l i ty  ~1 = 1, an e l e c t r o -  

magnetic wave with t ime dependence e 

magnetic f i e l d s ,  - E and - H, s a t i s f y  the equat ions  

-iot is propagated, t h e  e l e c t r i c  and 

v x E - iLoH = 0 - 
(5-1) 
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We s h a l l  s eek  a s o l u t i o n  o f  t h e s e  equat ions of t h e  form 

The r e p r e s e n t a t i o n  (5-2) is known as t h e  Kline-Luneberg expansion; by 

s u b s t i t u t i n g  (5-2) i n t o  (5-1), a r i thme t i c  manipulat ion shows t h a t  

necessary  t h a t  

it is  

lvq2 = E: (5-3 1 

Equations (5-3) and (5-4) do not, i n  themselves determine t h e  e lec t romagnet ic  

f i e l d .  It f s  howeverj +ha+ if cnmplete bnnndary c c ? ~ d f t i n n s  're given,  

t h e  s o l u t i o n s  t o  (5-3) and (5-4) a re  determined, and t h e  series (5-2) i s  'an 
asymptot ic  r e p r e s e n t a t i o n  of t h e  f i e l d .  From (5-2)  and (5-3)  it i s  seen t h a t  

t h e  s u r f a c e s  o f  cons t an t  phase, 0 = cons tan t ,  s a t i s f y  t h e  Hamilton-Jacobi 

Eiconal  Equation, 
2 

1V0l2 = N , (5-5 1 
where t h e  index of  r e f r a c t i o n ,  N, i s  equal  to&. Thus, f o r  l a r g e  va lues  o f  

w, according t o  geometric op t i c s ,  the l o c a l  o p t i c a l  d i s t a n c e  is  p ropor t iona l  

t o  N, and according t o  t h e  Hamilton-Jacobi v a r i a t i o n a l  p r i n c i p l e ,  t h e  pa th  o f  

a r a y  between t h e  p o i n t s  P and P 1 2 is such as t o  cause t h e  i n t e g r a l  

p2 r Nds 
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t o  b e  a minimum. 
t h a t  N = N ( r )  depends only upon r, and N ( r )  = 1 if r > a .  (See Figure  5.3) 
Then i f  a r a y  is  i n c i d e n t  from t h e  d i r e c t i o n  8 = n,  p a r a l l e l  t o  t h e  z a x i s ,  

it w i l l  Z 

Suppose t h a t  s p h e r i c a l  coord ina te s  (n,8,cp), are introduced 

- 

Figure  5.3  Def in i t i on  o f  Sphe r i ca l  Coordinates 

n o t  d e v i a t e  from i ts  cp = cons tan t  plane, b u t  r a t h e r  w i l l  have a pa th  o f  t h e  

form 8 = 8( r ) ,  and w i l l  l eave  i n  a d i r e c t i o n  0 = 8 . 
The d i s t a n c e  b is c a l l e d  t h e  impact parameter.  

(See F igure  5 .4)  
0 

Figure 5.4 Ray Geometry 

To determine t h e  func t ion  8 = 0(r) ,  we make use  o f  t h e  f a c t  t h a t  f o r  any two 

p o i n t s  (r l ,e l ) ,  (r2,e2) on t h e  r a y  path, 0(r)  must be such t o  make t h e  

i n t e g r a l  ( s )  : 

N ( r )  dl + r2 ( )2  d r  d r  

1 r 
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a minimum. Applying t h e  ca l cu lus  o f  v a r i a t i o n s  t o  t h i s  i n t e g r a l ,  we ob ta in :  
Y 

6 f 2 N ( r ) \ I l + r  2 ( - )  d6 2 d r =  
d r  

1 r 

2 '  f o r  a l l  v a r i a t i o n s ,  60 which a r e  zero a t  r and a t  r 

Theref o r e  

r 1 

ll 
To determine t h i s  cons tan t ,  we observe t h a t  f o r  t h e  incoming ray,  6 > -  , 
r > a,  and r s in6  = b .  

2 

b - - d6 d6 + b  Thus N ( r )  = 1, rcos6 - + s in6  = 0, and - = 

d r  dr r 2  J j  2 r//r2_be' 
%. I 

d6 
d r  S u b s t i t u t i n g  t h i s  va lue  of  - i n t o  (5-7),  we f i n d  t h a t  t h e  cons t an t  i n  (5-7) is  

p r e c i s e l y  b, t h e  impact parameter.  From equat ion (5 -8 ) ,  we then  ob ta in  

= t i r N ( r ) - b  2 2  2 

2 2  Since l i m  r N ( r )  = 0, from equat ion  (5-8) ,  it i s  seen t h a t  a s  6 decreases ,  

t h e  vayue of r w i l l  decrease  u n t i l  the s m a l l e s t  va lue  o f  r, r*, is  reached.  

5-6 
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This va lue  o f  r* is  determined by the  equat ion 

Because o f  t h e  obvious symmetry; the r e s t  of t h e  r a y  pa th  i s  obtained by 

r e f l e c t i n g  t h e  pa th  f o r  r > r* about t h e  s t r a i g h t  l i n e  connect ing the  o r i g i n  

t o  t h e  p o i n t  o f  c l o s e s t  approach. If N ( r )  is e i t h e r  s t e a d i l y  inc reas ing  o r  

s t e a d i l y  decreas ing  from its va lue  1 a t  n = a (as r decreases) ,  t h e  r e s p e c t i v e  
va lues  of.'* w i l l  be less than  o r  g r e a t e r  t han  b .  

w i l l  t hen  be a s  i n  F igures  5 . 5 ( a )  and 5 . 5 ( b ) .  

The r e s p e c t i v e  r ay  pa ths  

F igure  ?..?(a): N ( r )  < 1 

+ b +  

Figure  5 : 5 ( b ) : N ( r )  > 1 

Figure  5.5 Ray Geometry f o r  N(r)  < 1 and N(r) > 1 
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I n  Figure 5.5 it is assumed t h a t  no r e f l e c t i n g  m a t e r i a l  is used t o  c o a t  

t h e  s u r f a c e  o f  t h e  d i e l e c t r i c .  

In  Figure 5.5, it i s  seen t h a t  t h e  e x i t  angle ,  Go,  i s  given by 

a 

(5-10) 
d r  

8 = 2 s i n  - n  0 

The term 
a 

d r  
= @(b) 

is seen, from (3-8), t o  r e p r e s e n t  the change i n  8 a s  t h e  r ay  e n t e r s  and reaches  

i t s  minimum value,  r*. 

Figure  5 .5(b) ,  it is apparent  t h a t  a s  bo, Go+. 

8 i nc reases ,  b must decrease .  

eo, of course, depends upon b.  From t h e  geometry o f  

It is a l s o  apparent  t h a t  a s  

0 
\la., n,...,m:,4-.. CL - - - L L - - - - l  
I , v m  LullnLucL L l l e  ~ C ~ C L ~ L Y C L  rays conta ined i n  t h e  s o l i d  angle  d e f i n e d  by 

eo < 8 < eo + mo. 
from a c i r c u l a r  r i n g  o f  incoming 

Since G o  (b) is a monotonic func t ion ,  t h e s e  r ays  w i l l  come 

rays whose impact parameter s a t i s f i e s  

b(eo + Bo) < b < b(Bo). 

The a r e a  o f  t h i s  r i n g  is approximately 

The a r e a  on t h e  sphere o f  r a d i u s  R i n  t h e  s o l i d  angle  is 2sR2 s i n  8 &I 

Since,  i n  geometric op t i c s ,  t h e  conservat ion of energy is expressed i n  terms o f  
0 0' 

t h e  number of r ays  pass ing  through a given area, we have t h e  b i s t a t i c  c ross -  

s e c t i o n  a(e ) expressed as 
2 d 2  0 

4nR [-n - b (eo)]&, 
, de 0 

de,) = 2 2nR sinBo& 

o r  

cr(0,) s ineo. d 2  1 - b (e,) = - - 2n 
5-8 de 0 
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Since w e  have a l r eady  seen t h a t  a s  0 3, bo, we have 0 
x 

2xb2(Q0) = r o(0 ' )s inO'd0 '  (5-11 

which determines t h e  r e l a t i o n s h i p  between t h e  impact parameter and t h e  angle  

a t  which t h e  r ay  leaves .  

Equation (5-10) then  is  an i n t e g r a l  equat ion  which determines N ( r ) .  

Let p ( r )  = rN(r) and T ( r )  = l o g  r .  

P = a .  Therefore,  

If (eo) is prescr ibed ,  (5-11) determines b(OO). 

Following Luneberg, we s h a l l  f ind  an e x p l i c i t  s o l u t i o n  f o r  equat ion  (3-10). 

Then when r = fl, p = b and when r = a,  

a 

L e t  t be a parameter 0 < t < a, and l e t  u s  cons ider  
a a a 

a P n f n  -l 

Let r = r(t), N(r)" = N ( t )  be  a parametr ic  d e s c r i p t i o n  o f  r and N ( r ) ,  Then: 
a 

r = a exp [- - "gy 
a (5-12) 

t 2 N ( r )  = - exp [ ;; a 
t 

5-9 
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Equations (5-11) t o g e t h e r  with equat ion (?-lo), and 

1 -1 b 
Y(b) = - 2 (s t  + 8 0 ) - s i n  ( a 

st 

2nb2(e0) = [ a ( 8 ' ) s i n e ' d e '  

a r e  adequate t o  determine N ( r )  f o r  a prescr ibed  a(e), inasmuch a s  
equat ions  @-IO) and (5-11) determir,e 9 f h j  \ " /  as 2 G - - - A ~ - -  L U I I L L I U I I  o f  b, by e l imina t ion  

of eo. 
In  order  t o  see how equat ions  (5-12) and (5-12a) can be used t o  syn thes i ze  

a l e n s  with a p re sc r ibed  b i s t a t i c  cross sec t ion ,  l e t  u s  seek  t o  c o n s t r u c t  a 
l e n s  f o r  which 

p < e < s t  
= o  o < e < s t  

2 a(e) = Bsta (5-13 1 

Such a l e n s  would g ive  uniform ga in  over an i s o t r o p i c  r e f l e c t o r  f o r  b i s t a t i c  

ang le s  up t o  st - p.  
f ind  t h a t  

From t h e  l a s t  equat ion o f  t h e  set  (5-12), and (5-12a), we 

b 2 (e,) = a 2 b cos 2 ' 0  - p < e o < s t  2 

o < e o < p  2 2 
= a G cos p/2 

(5-14) 

From equat ion  

maximum value  

2 2 (5-14) we see t h a t ,  since b (e,) - < a f o r  a l l  8,' G has t h e  

1 
2 

- - 
Gmax cos  p/2 

(5-15) 

5-10 



TABLE 5 .1  
Maximum Uniform Gain vs .  B i s t a t i c  Coverage 

(db > na2) B i s t a t i c  Angle (IT - f3) Gmax 

21.1 

15.2 

9.3  

7.5 
6.0 

4.8 

3 * 8  

3.0 

11.8 

loo 
20° 

30° 
4oo 
5oo 

70° 

60' 

8 0' 

90' 

Using G = Gmm.-, we f ind  then  from (5.12a) tha.+ 
uah 

IT -1 b -1 b Y(b) = - + cos ( -  cos p/2) - s i n  ( a ) 2 a 
-1 b cos p/2) -t cos  ( a ) 

-1 b (a = cos 

P u t t i n g  t h i s  value of O(b) i n t o  (?-E), r and N ( r )  a r e  determined a s  func t ions  

of t h e  parameter t. Now, 
-1 b 

a a cos. - a a 

r db = r b  r d~ db 

't m t b 6 



Theref ore  

Thus, t h e  paramet r ic  r ep resen ta t ions  (5-12) become : 

h 
z! cos- l  (i cosg/2) 

db I 2 
f l d  

N ( r )  = exp [ - r 
t 

To es t ima te  t h e  i n t e g r a l s  i n  (5-16), we wri te  

a 
db = 1 r cos -1 (T 2b 2 2  Cos B(2 - 11 d log  [ b + / n i  

a * ,  fi ,, 
t 

1) l o g  t = l og  (a + K-7) - 1 cos-I- ( 2 2 t 2  cos 2 - 
fi x a 

a 

l o g  [b + / b 2  - t2 I db 1 

/ a  sec  p(2 - b 2 2  2 t 

Therefore, f o r  smal l  va lues  of t, 

2 r - t C  

N(n) = l / C t ,  where 
a 

c = (2a)-B'" exp [- 2 [ l o g  2bdb 
2 2  2 * 

0 { a  sec p/2 - b 
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, a s  r -+ 0. Hence, f o r  a genera l ized  Eaton l e n s  t o  g ive  Thus N ( r )  - - 1 

uniform b i s  dF a i c  coverage it is necessary t h a t  t h e  d i e l e c t r i c  c o n s t a n t  

have a s i n g u l a r i t y  of  t h e  form l /r  a s  r 4 .  

cons t ruc t ion  o f  such a l e n s  t h e  c o r r e c t  va lue  o f  N ( r )  can only be approximated. 

If t h e  va lue  o f  N ( r )  i s  c o r r e c t  except f o r  smal l  c e n t r a l  sphere o f  r ad ius  a*, 

only r ays  whose minimal d i s t ance ,  I?, is less than  a*. Now, f o r  t h e  r e l a t i o n -  

s h i p  (5 -9)  , t h e  corresponding impact parameters,  b, s a t i s f y  

Consequently, i n  t h e  p r a c t i c a l  

2 2  b2 = (fi) N (.”) - r*/C - < a*/C. 

m - ~  _ ~ ~ .  r a* Iuererore ,  t h e  e r r o r  i n  t h e  c ross -sec t ion  < - - 2 ’  C‘a 

An a l t e r n a t i v e  t o  a genera l ized  Eaton l e n s  i s  t h e  genera l ized  Luneberg 

l e n s ,  i n  which a r e f l e c t o r  i s  used, and t h e  r a y  pa th  is  as i n  Figure 5 . 6 .  

Figure 5.6 Generalized Luneberg Ref l ec to r  

For t h i s  conf igura t ion ,  equat ions  (5-12) and (5-12a) a r e  unchanged, except  f o r  

t h e  f irst  equat ion  i n  (5-12a) , which becomes : 

1 -1 b 
2Y(b) = - 2 (fi + e , )  - s i n  ( a  1. 

5-13 



For t h e  i d e a l  b i s t a t i c  coverage, defined by (5-14) and (3-13), t h e  preceding 

computations s t i l l  apply,  except  t h a t  

-1 b a 
a 1,." cos  ( ; COSB/2) y(b)  1 d t  - l og  -f + - 2 - 

* ,  
? 

t 
r[ 

t 

which f o r  small t, becomes 

a 

In t h i s  case, 

r - C ' t  

N(r) - l/C'. 
Thus, N ( r )  is  bounded, s o  t h a t  t he re  is no t h e o r e t i c a l  reason t h a t  t h e  c o r r e c t  

va lue  o f  N ( r )  could n o t  be achieved. 

a Siegel-Luneberg coa t ing  must be used, which reduces t h e  ga ins  given i n  

Table 5.1, f o r  small angles ,  by approximately 8 db. 

However, i f  t h e  l e n s  is n o t  s t a b i l i z e d ,  

If, f o r  t h i s  conf igura t ion ,  

r 2  
$( r )  = 1 + 2 ~ 1  - ( a  I, 

it is easy t o  f i n d :  

2 2 na (1 - a) de,) = 
2 2 eo 2 2 e,], [(I + a3 cos - + (1 - a) s i n  - 2 2 

a t  eo = n (back-sca t te r ing)  and a h a l f  power 1 
2 which has  a ga in  of 

p o i n t :  (1 - a) 

1 8, = 2 t a n  

The above d l scuss ion  has  been in  terms of  geometric o p t i c s .  For t h e  
5-14 



. 

o r i g i n a l  Luneberg lens ,  t h e  geometric o p t i c s  s u c c e s s f u l l y  desc r ibes  t h e  

r a y  pa ths .  

g ives  : 

However, c a l c u l a t i o n  of O(b) and eva lua t ion  of eo from (5-lO), 
= II f o r  a l l  b, so  t h a t  (5-11) i s  inapp l i cab le  t o  determine t h e  

back-scat ter ing,  and o t h e r  arguments must be app l i ed .  The i n t u i t i v e  argu- 

ments given a t  t h e  beginning of t h i s  s e c t i o n  do, i n  f a c t ,  g ive  t h e  c o r r e c t  
2a-r , again  answer. However, f o r  t h e  focused Eaton l ens ,  where N (r) = - r 

2 

= rl f o r  a l l  b .  However, because t h e r e  is no r e f l e c t i o n ,  b u t  only r e f r a c t i o n ,  

f o r  back-sca t te r ing ,  t h e  e f f e c t  of p o l a r i z a t i o n  g ives  zero c ros s - sec t ion .  

The fol lowing d i scuss ion  is a d iscuss ion  o f  t h i s  phenomenon, t ak ing  p o l a r i z a -  

t i o n  i n t o  account :  
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Scat ter ing:  from t h e  Eaton Lens 

The Eaton l e n s  is a p a r t i c u l a r  example of  t h e  c l a s s  of Luneberg l enses .  

The gene ra l  Luneberg l e n s  i s  a d i e l e c t r i c  sphere i n  which t h e  index of  re- 

f r a c t i o n  i s  a func t ion  o f  t h e  r a d i u s  only. 

t h e  index o f  r e f r a c t i o n  i s  given by 

For t h e  Eaton l e n s  i n  f ree  space, 

2 2a - r 
n =  9 r 

where a i s  t h e  r a d i u s  of t h e  o u t e r  surface, and a geometric o p t i c s  a n a l y s i s  

based on Fermat's p r i n c i p l e  shows t h a t  each r a y  of  an  i n c i d e n t  p lane  e l ec t ro -  

magnetic wave s u f f e r s  a 180 

l ens .  

i n  a p lane  pass ing  through t h e  sphere a x i s  which i s  p a r a l l e l  t o  t h e  o r i g i n a l  

r a y  d i r e c t i o n .  See Reference 7.. (See F igure  5.7) 

0 change i n  d i r e c t i o n  as it passes  through such a 

The spherica.1 symmetry reqnires t h e  'UY ,-=ll t o  descr ibe a symiietrical p i l i  

Since t h e  i n t e n s i t y  and phase o f t h e  i n c i d e n t  plane wave a r e  uniform 

over t h e  p o l a r  plane,  t h e  i n t e n s i t y  and phase of  t h e  r e f r a c t e d  wave are 

uniform over t h e  same plane,  b u t  t h e  e f f e c t  o f  t h e  l e n s  on t h e  d i r e c t i o n  of 

p o l a r i z a t i o n  of  each i n c i d e n t  r a y  i s  t o  gene ra t e  a r e f r a c t e d  wave f o r  which 

t h e  p o l a r i z a t i o n  d i r e c t i o n  i s  a func t ion  of  p o s i t i o n  on t h e  p o l a r  p lane  of 
t h e  l e n s .  

Figure7.7shows t h e  l e n s  and t h e  system of  co-ordinates which w i l l  be 

adopted. 

t i v e  z d i r e c t i o n  and po la r i zed  i n  t h e  y d i r e c t i o n .  If, f o r  each r ay ,  we 

r e s o l v e  t h e  e l e c t r i c  f i e l d  vec to r  of the  i n c i d e n t  wave along t h e  r a d i a l  

and p o l a r  ang le  d i r ec t ions ,  we f i n d  t h a t  t h e  r a d i a l  component i s  reversed  

i n  d i r e c t i o n  by t h e  l e n s  a c t i o n  b u t  t he  p o l a r  angle  component is  unchanged. 

Thus, i n  t h e  reg ion  of  t h e  p o l a r  plane t h e  r e f r a c t e d  wave i s  g iven  by 

The i n c i d e n t  plane wave i s  assumed t o  be propagat ing i n  t h e  nega- 

I PI 
i k (  z W )  = E ( -'k s i n  2 @ + 7 cos 2 #)  e < a  

Reference 7: Huynen, J. R.: 
Lenses", 1958 I .R.E.  WESCON Convention Record, P t .  1, 

"Theory and Design o f  a Class o f  Luneberg 



t‘ 

a 

i 

Figr i re  5.7 Ray Path  i n  a n  Eatoti Lens 
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where a i s  an  a r b i t r a r y  phase cons tan t  depending on t h e  e l e c t r i c a l  pa th  

l e n g t h  through t h e  l e n s  and t h e  p a r t i c u l a r  time o r i g i n  chosen. 

If t h e  wavelength of  t h e  inc iden t  wave is zero,  eq. (5-17 ) is  exac t .  
If t h e  wavelength i s  small compared with t h e  r a d i u s  of t h e  l e n s ,  t h e  

equat ion  is  approximately c o r r e c t ,  and we may use it t o  e v a l u a t e  t h e  

s c a t t e r e d  f i e l d .  

Now f o r  each Car t e s i an  component of  t h e  e l e c t r i c  f i e l d  vec to r  of  t h e  

r e f r a c t e d  wave t h e  f r e e  space wave equation is 

- 2 - 
V Ea (r)  + k E ( r )  = 0 a 

and t h e  corresponding free space Green's func t ion  i s  def ined  by 

- -  2 - -  
V G (r, R )  + k G ( r ,  R) = - 6 ( r  - R ) ,  

- -  

f o r  which t h e  so lu t ion ,  neg lec t ing  the  advanced p o t e n t i a l  terms is  

( 5-19 ) 

We apply Green's theorem t o  t h e  s p h e r i c a l  volume o f  r a d i u s  r bu t  

excluding t h e  l e n s  and i t s  p r o j e c t i o n  on t h e  p o l a r  plane,  as shown by t h e  
broken contour  i n  Figure , 5 b 7  . Then 

/ ' (G?Ea - Ea $G) dv = ( G m a  - Ea S ) * d 3 ,  
c 

where d3  i s  d i r e c t e d  away from t h e  i n t e r i o r .  

S u b s t i t u t i n g  eq. (5-18 ), we obta in  d i r e c t l y  

/ '- Ea ( V  2 G + k 2 G )  dv = / ' ( G o  Ea - E a V G )  . ds, 
c L 
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which, from eq. (5-19 ) and t h e  proper ty  of t h e  d e l t a  func t ion ,  reduces t o  

- - -  &Ea (3 - 
Ea ( R )  = I{ G (r, R )  '7 - Ea (r)  n Q G  (T, i)) dS (F) 

h 

where n is  t h e  o u t e r  normal and t h e  divergence ope ra t e s  on t h e  r eo-ordinates ,  

i .e .  

i k r '  l e  - r' r G = P' ( i k -  -) 

- 
where P' i s  a u n i t  vec to r  i n  t h e  d i r e c t i o n  o f  rr i n  F igure  5.7 
r - R, and so  eq. (5-21 ) becomes 

. Now r r  = 
- -  

If t h e  r a d i u s  of t h e  s p h e r i c a l  aiu-face i s  made a r b i t r a r i l y  l a r g e ,  i t s  

c o n t r i b u t i o n  t o  t h e  i n t e g r a l  vanishes,  s i n c e  f o r  a r b i t r a r i l y  l a r g e  r, 

The in t eg rand  vanishes  when t h e s e  s u b s t i t u t i o n s  are made. 

Over t h e  i n n e r  su r face  only t h a t  p a r t  co inc id ing  wi th  t h e  p o l a r  plane 

c o n t r i b u t e s ,  s i n c e  t h e  remainder l i e s  i n  r eg ions  of  zero f i e l d  s t r e n g t h  i f  

it is  p laced  j u s t  o u t s i d e  t h e  l e n s  surface.  

t h e  de te rmina t ion  of t h e  s c a t t e r e d  f i e l d  i n  t h e  f a r  zone, r = 

If we r e s t r i c t  our  a t t e n t i o n  t o  

a t  z = 0 and 

- 
E (E) = 

. 
- we o b t a i n  f o r  t h e  f a r  zone 

Thus, s u b s t i t u t i n g  i n  eq. (3- 22) and d i sca rd ing  t h e  vanish ingly  

R2 

( 5 -  2 3 )  
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where l? is  a u n i t  vec tor  i n  t h e  d i r e c t i o n  of R, t h e  t h r e e  s c a l a r  equat ions  

r ep resen ted  by eq. (5- 22 ) have been combined as a vec to r  equat ion,  and t h e  

su r face  of i n t e g r a t i o n  is  t h e  xy plane w i t h i n  t h e  c i r c l e  IpI - < a. 

fi We denote t h e  co-ordinates  of 1 a s  ( R ,  go, e o )  and of as (p ,  a, 2 ) ,  
t hen  

R = st s i n  eo cos  go + 9 sin eo s i n  pio + 2 cos  eo 

- 
p = 2p cos fl + ^ y  p s i n  

d S ( a  = P dP dg 
and ( E )  is  given by equat ion  (5-18 ) 

S u b s t i t u t i n g  i n  eq. (3-23 ) and c o l l e c t i n g  terms, we o b t a i n  

a $+2r( ikF f l  + css n 

- ikps in  "'in'' 
4 n R  

- -  
E ( R )  = - 

0 J, 

where t h e  cons t an t  exponents, being of no i n t e r e s t ,  have been omitted.  

The s u b s t i t u t i o n  @ = a + @, l eads  t o  a res ta tement  of t h i s  equat ion  as " 
i kE in ( l  + coseo) a n 

J '  dpp J 1 - x^ s i n ( =  + eao) + ^y c o ~ ( m + P P ) ~ )  1 - 
~ I I  R E(R)  = - 

where A = k p s i n  eo. 
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The inne r  in tegrand  may be expanded as 

(.^ cos 2f10 + y^ s i n  2f10) i s i n  a s i n  ( A  cosa)  - s i n  zx cos ( A  cosa)  + i -I 
+ (- X^ s i n  2f10 + y^ cos ego) { cos cos ( A  c o w )  - i cos  2 a s i n  ( A  c o w )  . 1 
Now s i n  a s i n  ( A  corn) and s i n  2 a cos ( A  cosa) a r e  both odd func t ions  of 

a and vanish  on i n t e g r a t i o n ,  cos  Zx s i n  ( A  cosa) i s  odd about + - and s o  

it, too,  vanishes ,  and cos ZX cos ( A  cosa)  i s  even about both t h e  o r i g i n  

and + - and so t h e  l i m i t s  may be contracted.  

51 
- 2  

51 Thus we ob ta in  - 2  
.+ 
J l  - 
2 a 

i k E i n ( l  - + cos eo)  
/ '  dpp 4(-; s i n  2f10 + y^ cos 2g0) / '  C O S  a - 

451 R E(R) = - 
i. 

0 0 

cos ( A  corn)  cb. 51 - 
2 

But / '  cos 2 a cos(A cos a )  da = - 2 J ( A ) ,  2 2  

n 
W 

. .  

. .  

- - 
E(R)  = - 

i k E i n ( l  + cos eo)  
2R 

a 

(-2 s i n  2f10 i- y^ cos ego) / '  pJ2(k p s i n  eo)  dp. 
I 

a 0 

P J 2 ( k  P s i n  eo) dp 

0 

2 
2 2  k s i n  eo 

k ( 1  + cos eo) 2Jo(ka s i n  eo)  

k s i n  eo 

a J1(ka s i n  eo)  

k s i n  eo 
- + - 

2 2  2R or I E(R)I = 

S u b s t i t u t i n g  k = - 2n where h i s  the  wavelength, we ob ta in  f i n a l l y  f o r  t h e  

modulus of t h e  s c a t t e r e d  e l e c t r i c  f i e l d  s t r e n g t h  i n  the f a r  zone when h < < a. 
h' 
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a a -I a (1 + cos  eo)  
2n R s i n  eo 

{ 1 - Jo(2n 2 s i n  e o )  - IT - s i n  0 J (21-r - s i n  eo)  ,- . 
2 h h 0 1  h E = E  a i n  

Now t h e  d i f f e r e n t i a l  s c a t t e r i n g  c ros s  s e c t i o n  i s  def ined  as t h e  power 

s c a t t e r e d  p e r  u n i t  s o l i d  angle  per  un i t  i n c i d e n t  power dens i ty .  I n  t h e  f a r  

2 zone t h e  s c a t t e r e d  power f l u x  i s  1/ watts/metre , b u t  a t  a r a d i u s  o f  R, 

1 one square  metre subtends a t  t h e  o r i g i n  a s o l i d  ang le  o f -  s t e r a d i a n s ,  and - R2 
2 t h e  i n c i d e n t  power f l u x  is * watts/metre . 

Thus the d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  sec t ion ,  0, i s  g iven  by 

2 R2 metre / s te rad ian .  E2 

Ein2  
0=- 

Hence, from eq. (5-24 ), 

2 a a 1 - J ( 2 2  s i n  e o )  - n - s i n  e J (21-r- 
0 o h  h 0 1  h 

a a 
h 0 

2n- s i n  8 
- - 1 + cos 

s i n  0 
2 -  

0 

This  express ion  i s  v a l i d  only  f o r  a > > h and so f o r  t h e  purposes o f  

a 
eva lua t ion  it is necessary t o  have a l so  a l a r g e  argument approximation f o r  

t h e  Bessel func t ions  t o  be used when 2 5  s i n  e 
usua l  t a b l e s ,  Thus f o r  x l a r g e  

is  o u t s i d e  t h e  range o f  t h e  
0 

On s u b s t i t u t i n g  t h i s  i n  t h e  above expression we obta in ,  a f t e r  some 

pre l iminary  t r igonometr ic  manipulation, 
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1 1 
1 

2rl- s i n  0 '{ (fix a s i n  eo)  2 s i n { ( 2 ;  s i n  0 0--4 
a 1 + cos eo 

11 - (h s i n  eo> 1 + 
0 

2 
h a 

l f l  I -1 1 
rl s i n  0 + L tan  

n 
0 - 

Jo (x) and J1 (x) are t abu la t ed  i n  Jahnke and Emde f o r  0 < x < 15.5, hence - -  
i f  t a b l e s  a r e  used f o r  2n _a s i n  eo < 15.5 and t h e  approximate express ion  f o r  

2fi i; s i n  eo > 15.5, we have, w i t h o u t  s i g n i f i c a n t  l o s s  of accuracy, 
h a 

1 

h 0 

cv cv 
1 

x - s i n  eo a a 
A 

tan-' 
n - s i n  0 

1 sild 1 i A M 1  

(n s i n  eo)  a 2 

Thus we have f i n a l l y  t h e  following two expressions f o r  t h e  d i f f e r e n t i a l  

s c a t t e r i n g  c r o s s  sec t ion :  - 
/ - 

1 - J0(2n a s i n  e o )  - n - a s i n  eo J,(2 x - a s i n  eo)  
h A 1 + COS eo a - {  

a 2 s i n  eo 2 -  s i n  eo 
h 

a 

a 
A 0 

and, t o  be used when 2n - s i n  8 i s  l a rge ,  

1 I 1 
1 + COS eo 

2 -  s i n  eo a $ s i n  eo 

Since t h e  l e n s  behavior f o r  very smal l  0 is  of i n t e r e s t ,  a s e r i e s  
0 

i n  ascending powers of eo is  useful .  

as power s e r i e s ,  r ep lac ing  s i n  eo by eo and cos eo by u n i t y  we ob ta in  

By expressing t h e  Besse l  func t ions  

( e o  i n  rad ians) .  
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EXPERIMENTAL RESULTS OF THE SIEGEL LUNEBERG REFLECTOR 

I n t r o d u c t i o n  

This  r e p o r t  desc r ibes  an experiment performed i n  t h e  X-band frequency 

r eg ion  t o  determine t h e  r a d a r  c r o s s  s e c t i o n  of  a 6 
Ref lec tor .  

c a l c u l a t i o n s .  

diameter S i e g e l  Luneberg 2 
The measured da ta  i s  presented  and compared wi th  t h e o r e t i c a l  

Theory 

The S i e g e l  Luneberg Ref l ec to r  was invented by P ro fes so r  K. M. S i e g e l  

and i s  descr ibed  i n  p a t e n t  app l i ca t ion  No. 26075. 
i n  t h a t  i t s  r a d a r  c r o s s  s e c t i o n  is  i s o t r o p i c  i n  t h e  sense t h a t  it i s  cons t an t  

and independent of  t h e  inc idence  angle of t h e  incoming waveso 

c a t i o n s  it i s  convenient  t o  t h i n k  o f t h i s  i tem as an  i s o t r o p i c  corner  r e f l e c t o r .  

It can be used i n  p l a c e  of  normal corner  r e f l e c t o r s  o r  c l u s t e r s  of  t h e s e  wi th  

t h e  advantage t h a t  t h e  c r o s s  s e c t i o n  is  t r u l y  i s o t r o p i c .  

This  r e f l e c t o r  i s  unique 

I n  r a d a r  appl i -  

Phys ica l ly  t h e  S i e g e l  Luneberg Ref lec tor  i s  sphe r i ca l .  The r e f l e c t o r  i s  

composed of a s tandard  Luneberg l e n s  which has  been covered wi th  a s p e c i a l  

ma te r i a l .  I n  theo ry  t h e  maximum cross  s e c t i o n  a t t a i n a b l e  f o r  t h i s  r e f l e c t o r  

i s  about  8.3 db below a f l a t  p l a t e  whose a r e a  i s  equal  t o  t h e  p ro jec t ed  geo- 

me t r i c  a r e a  of t h e  s p h e r i c a l  r e f l e c t o r .  

be somewhat lower than  t h i s  because of :  

I n  p r a c t i c e  t h e  c r o s s  s e c t i o n  w i l l  

1) 

2) 

3) 

D i e l e c t r i c  l o s s e s  i n  t h e  Luneberg l ens .  

Var ia t ions  i n  t h e  d i e l e c t r i c  material t h a t  cause defocusing. 

Losses i n  t h e  o u t e r  covering. 

Manufacturer ' s  da t a  f o r  t h e  Luneberg l e n s  show t h a t  f o r  items 1 and 2 above, 

we may expect  a l o s s  on t h e  order  of 2 db. 

ments i n d i c a t e  t h a t  t h e  l o s s  i n  t h e  o u t e r  covering is  about  1 db. 

t h e s e  l o s s e s  i n t o  cons idera t ion ,  w e  p r e d i c t  t h e  c r o s s  s e c t i o n  of  t h e  S i e g e l  

Luneberg r e f l e c t o r  t o  be 11.5 db below t h a t  o f  an equ iva len t  f l a t  p l a t e .  

Our own previous bench measure- 

Taking 

There i s  one f u r t h e r  l o s s  t h a t  a t  p r e s e n t  i s  unknown. This  loss  results 

from no t  l o c a t i n g  t h e  o u t e r  covering a t  t h e  exac t  f o c a l  l o c i  o f  t h e  c e n t r a l  
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l ens .  
inches o u t s i d e  t h e  l e n s  sur face .  

was no t  t h e  b e s t  bu t  was used f o r  t h e  sake  o f  expediency. 

t h e  f irst  model t h a t  has been constructed.  

a b e t t e r  technique and e l imina te  t h i s  loss.  

The f o c a l  l o c i  o f  t h e  p a r t i c u l a r  l e n s  used was found t o  be about  0.25 

The technique  used t o  a t t a i n  t h i s  spac ing  

This  r e f l e c t o r  i s  

I n  f u t u r e  models w e  p l a n  t o  use 

M ea s u r  ement s 
The c r o s s  s e c t i o n  measurements were made i n  t h e  anechoic chamber of The 

Un ive r s i ty  of Michigan Radia t ion  Laboratory. 

i s  shown i n  Figure 5.8 . The c r o s s  s e c t i o n  was determined by comparing t h e  

s i g n a l  backsca t t e red  from t h e  r e f l e c t o r  under t e s t  wi th  t h e  s i g n a l  rece ived  

when t h e  r e f l e c t o r  was r ep laced  wi th  a conduct ing sphere of  equal  diameter.  

The r a d a r  c r o s s  s e c t i o n  is  d i r e c t l y  p ropor t iona l  t o  t h e  amount of  power 

r ece ived  as may be seen  i n  t h e  s tandard r a d a r  equation: 

A ske tch  of  t h e  equipment l a y o u t  

- 'T G: X2 U 

pR (431)~ R4 

= Antenna Gain GT 

PT = Power t r ansmi t t ed  

R = Range 

X = Wavelength 

PR = Power received 

u = Radar c r o s s  s e c t i o n  

When s u b s t i t u t i n g  a sphere for  the r e f l e c t o r  i n  t h e  experiment and 

hold ing  a l l  o t h e r  parameters constant ,  t h e  fol lowing e q u a t i o n ;  r e s u l t s :  
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Measurements were made from 8.5 t o  10.0 Kmc i n  increments of  500 mc. 

A t  each frequency, measurements were taken  f o r  both t h e  r e f l e c t o r  and t h e  

sphere. 

backsca t te red  s i g n a l  p l o t t e d  as a func t ion  of  angle. 

shown i n  f i g u r e s  5.9,  10, 11, L2.The spacing between t h e  t r a n s m i t t i n g  antenna 
and t h e  r e f l e c t o r s  was 20 f e e t  i n  a l l  cases  s o  a s  t o  achieve fa r  zone condi- 

t i o n s .  

Each of  t h e s e  was r o t a t e d  i n  azimuth through 360' and t h e  rece ived  

The da ta  obtained i s  

U 
R/ as 

Frequency 

(mc> Calculated Measured 

8500 11.9 db 11.9 db 
9000 12.4 db 11.9 db 
9500 12.8 db 11.0 db 

10,000 13.3 db 13.4 db __ --_-_---__---__-__--I_ ---I___ __ . ---.- 

Discussion 
If t h e  c ros s  s e c t i o n  of t h e  Siege1 Luneberg r e f l e c t o r  i s  11.5 db below 

t h a t  of  an  equiva len t  f l a t  p l a t e ,  it can be shown t h a t  t h e  r a t i o  o f  t h e  

6 7 i nch  r e f l e c t o r  t o  a 6 2 inch  conducting sphere is: 1 1 

1 4zA 190 - R d 

U 
- -  

S - IrC.1 q- h2 

U R 
7 S 

where h i s  i n  cent imeters .  Using t h i s  equat ion,  t h e  r a t i o  

was c a l c u l a t e d  a t  each frequency and compared i n  Table 

experimental  values  obtained from the  r a d  data .  

wi th  average 
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The maximum dev ia t ion  between t h e  c a l c u l a t e d  and measured va lues  i s  

1.8 db which occurs  a t  9300 m c .  This da t a  was rechecked and found t o  be 

va l id .  

o the r  t h a n  it must be a proper ty  of t he  o u t e r  coating. 

It is  not  known exac t ly  why the  r a t i o  d i p s  s l i g h t l y  i n  t h i s  reg ion  

It  can be noted from t h e  da t a  t h a t  t h e r e  is  a modulation of  about 

- +1 db i n  t h e  c r o s s  s e c t i o n  of  t he  r e f l e c t o r .  

g r e a t e r  a t  t h e  h igher  f requencies .  

uniform spacing between t h e  l e n s  and i t s  o u t e r  coat ing.  

t h i s  non-uni.formity t o  cause g r e a t e r  e r r o r s  a t  t h e  higher  f requencies .  

This dev ia t ion  i s  somewhat 

This can b e s t  be explained by non- 

We would expect  

The e r r o r  i n  our sphere measurements i s  no g r e a t e r  t han  +0.4 db a s  - 
can be seen by t h e  v a r i a t i o n  i n  t h e  c ross  s e c t i o n  of t h e  sphere,  

is  caused by background r e f l e c t i o n s  i n  t h e  anechoic chamber. 

ground is taken  i n t o  cons ide ra t ion  f o r  t h e  r e f l e c t o r  we c a l c u l a t e  t h a t  t h e  

r e f l e c t o r  c r o s s  s e c t i o n  measurements a r e  i n  e r r o r  by no more than  3-0.1 db. 

This  e r r o r  

When t h i s  back- 

- 

Conclusion 

I n  general ,  t h e  da ta  i s  i n  good agreement wi th  t h e  expected r e s u l t s .  

I n  f u t u r e  models we hope t o  improve t h e  cons t ruc t ion  to l e rances  and thus  

reduce t h e  modulation t h a t  c u r r e n t l y  e x i s t s .  

r e f l e c t o r  shows good c h a r a c t e r i s t i c s  over  t h e  e n t i r e  X-band r eg ion  i s  

encouraging. 

t o  determine i f  t h e r e  a r e  l imi t a t ions .  

The f a c t  t h a t  t h e  p re sen t  

We w i l l  t a k e  f u r t h e r  measurements over wider frequency bands 

We have prepared a c h a r t  based on t h i s  da t a  and two v a r i e t i e s  of com- 

merc i a l ly  a v a i l a b l e  Luneberg l e n s e s  which p l o t s  t h e  radar c ros s  s e c t i o n  and 

weight of t h e  Siege1 Luneberg r e f l e c t o r  as a func t ion  of diameter f o r  a 

wavelength of  3.2 cm. 

a l s o  p lo t t ed .  

approximation. Note tha t  f o r  l a r g e r  r e f l e c t o r s ,  t h e  g a i n  over p e r f e c t l y  

conducting spheres  of  t h e  same diameter increased  d i r e c t l y  wi th  t h e  inc rease  

i n  phys i ca l  area.  

The r a d a r  cross s e c t i o n  of  a conducting sphere i s  

This c h a r t  i s  shown as f i g u r e  5.13 and may be used t o  a good 
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uT = Theore t ica l  u 

uH = P r a c t i c a l  u (Heavy Lens) 

uw = Prac t i ca l  u (Lighweight Lens) 

W = Weight (Heavy Lens) 

Ww = Weight (Lightweight Lens) 

h = 3.2 cm 

H 

1000 

100 

10 

Figure 5.14 Charac te r i s t ics  of Siegel-Luneberg Lens 
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I n  t h e  p re sen t  program, 
The 6.5 inch Siege1 Luneberg Lens has been measured a t  s e v e r a l  f requencies  

a t  both v e r t i c a l  and ho r i zon ta l  po la r i za t ions .  

t h e  r e s u l t s  i n  db r e l a t i v e  t o  a 6*5 inch diameter c a l i b r a t i o n  sphere:  

The fol lowing t a b l e  shows 

Fre auenc v 

970 mc 

1300 mc 

3.1 kmc 

3.3 kmc 
3.4 kmc 

3.5 kmc 
5.45 kmc 

5.50 kmc 
5.60 kmc 

3.2 kmc 

5.70 kmc 
5.80 kmc 

5.90 kmc 

5.94 h c  

Db's r e l a t i v e  t o  
c a l i b r a t i o n  sphere 

- 7.0 
- 8.0 

+ 8.0 
+ 7.8 
+ 7.5 
+ 8.0 

+ 6.75 
+ 6.5 
+ 7.5 
+ 6.0 
+ 6.8 

+ 8.2 

+ i i  . 00 

+11 00 

These were i n s e n s i t i v e  t o  polar iza t ion .  

5.2 Len t i cu la r  Segments. This  s e c t i o n  c o n s i s t s  of  two parts. The f i rs t  
i s  a t h e o r e t i c a l  d i scuss ion  of t h e  cross-sect ion of  a s p h e r i c a l  segment. 

This was not done on t h i s  program, b u t  i s  included f o r  completeness. 

$second is  a summary of measurements performed on t h i s  program t o  t e s t  t h i s  

theory.  

The 

Nose-on Cross Section of  Spher ica l  Segments 

The dominant con t r ibu t ions  t o  the  nose-on c r o s s  s e c t i o n  come from 

t h e  specu la r  r e f l e c t i o n  and from t he  d i f f r a c t i o n  by t h e  edge. 

l a r  r e f l e c t i o n  gives  r i s e  t o  a c ross  s e c t i o n  independent of wave length .  

Edge d i f f r a c t i o n  from a s i n g l e  s t r a i g h t  edge g ives  r i s e  t o  a f i e l d  which 

The specu- 

i s  o f  lower order  by a f a c t o r  of 1/\1 k. I n  t h i s  problem however, we have 
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a r i n g  of  t h e s e  con t r ibu t ions  and the i n t e g r a t i o n  around t h i s  loop  e f f e c t -  

i v e l y  m u l t i p l i e s  t h i s  b y 6  g iv ing  a c r o s s  s e c t i o n  c o n t r i b u t i o n  which is  

independent o f  k. 

f a c t  t h a t  on o r  near  t h e  a x i s  a l l  the  edge c o n t r i b u t i o n s  are i n  phase whereas 

t h e  f i e l d  a t  a p o i n t  from t h e  i n f i n i t e  edge, has only a s i n g l e  p o i n t  on t h e  

edge, which i s  i n  phase. 

t h e  asymptot ic  expansion f o r  large k, 

This  change i n  the frequency dependence arises from t h e  

These two con t r ibu t ions  are t h e  l e a d i n g  terms of  

The specu la r  r e t u r n  can be obtained from phys ica l  o p t i c s  and i n  t h e  far  

zone i s  

ika 

and (2-24 1 
+ ikr - ika  2 s  = +-kin' ( 2r a e 

The edge c o n t r i b u t i o n  can be obtained from t h e  d i f f r a c t i o n  by an  edge 

as der ived  by Soiiiirerfeld. If we r e s t r i c t  ourselves t o  Sacksca t t e r ing  and. to 

8 < y ,  t h e n  t h e  t o t a l  f i e l d  is given by 

u = u - ur + G ( r , O )  +. G (r,B) 
O +  

(5- 2 3 )  

where t h e  upper s i g n  corresponds t o  the  inc iL2nt  e l e c t r i c  f i e l d  a long t h e  

edge and t h e  lower s i g n  t o  t h e  inc ident  magnetic f i e l d  a long  t h e  edge, and 

Uo = i n c i d e n t  f i e l d  

Ur = r e f l e c t e d  f i e l d  

i ( k r  + 31/4) e G ( r , Z x )  = d i f f r a c t e d  f i e l d *  = 

2 \krl cos a 

a = angle  of  incidence measured wi th  r e s p e c t  t o  t h e  t angen t  t o  t h e  
su r face  a t  t h e  edge. 

* This formula doesn' t  hold f o r  e = 7, s i n c e  t h i s  corresponds t o  t h e  
t r a n s i t i o n  reg ion  of half  l a n e  so lu t ion .  
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Since we have a l r eady  taken  ca re  o f t h e  r e f l e c t e d  f i e l d ,  w e  are i n t e r -  

e s t e d  now i n  t h e  d i f f r a c t e d  f ie ld .  

h a l f  plane.  The p resen t  configurat ion i s  a s e c t o r  of  a sphere.  

p rev ious ly  w e  must mu l t ip ly  t h i s  by a c o r r e c t i o n  due t o  t h e  r i n g  o f  sources  

a l l  c o n t r i b u t i n g  i n  phase. We do t h i s  i n  t h e  same manner as S iege l ,  e t . a l .  
(Reference 5.8 ). Considering f i rs t ,  t h e  h a l f  plane,  t h e  f i e l d  comes 

from t h e  edge and t h u s  t h e  s c a t t e r e d  f i e l d  can be r ep resen ted  by an i n t e g r a l  

o f  t h e  form 

The above f i e l d  i s  t h a t  der ived  f o r  a 

A s  i nd ica t ed  

where U i  i s  t h e  i n c i d e n t  f i e l d ,  p i s  t h e  d i s t a n c e  along t h e  propagat ion 

d i r e c t i o n  and A i s  t h e  a r e a  of  p ro jec t ion  of t h e  p a r t  of  t h e  s c a t t e r e r  

to O i i e  s i d e  of a ljidiie 01 C o i i s i d i i i  plidse, diid L'(G,L) i s  a L'uriction wiiicii 

r e p r e s e n t s  t h e  p r o p e r t i e s  of  t h e  edge. The f i e l d  a t  a p o i n t  r i n  t h e  x, 
y p lane  f o r  a l i n e  source a long  t h e  z a x i s  g ives  r i s e  t o  a s c a t t e r e d  f i e l d  

i n  t h e  far zone of t h e  form 

+ c o  
I 

dz. i k  dr2 + z2 = 2 / I  f ( a , z >  e 
us ? a &  

This  can  be eva lua ted  by s t a t i o n a r y  phase t o  y i e l d  

For t h e  three dimensional problem of  a f i n i t e  edge t h e  i n t e g r a l  i s  

0 

6 - 2 7 ]  

Reference 8 :  This  formula doesn' t  hold f o r  0 = 7, s i n c e  t h i s  corresponds 
t o  t h e  t r a n s i t i o n  region of  h a l f  plane so lu t ion .  
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which i n t e g r a t e s  t o  ( f o r  L very small) 

Thus, t h e  Sommerfeld edge answer mus t  be m u l t i p l i e d  by t h e  f a c t o r  

-i n/4 e L F(0)  = Jhr 
f o r  nose-on" incidence.  

Now we must consider  t h e  wedge t o  be o f  l eng th  a'(dg)and i n t e g r a t e  

v e c t o r i a l l y  around t h e  edge. The t o t a l  edge d i f f r a c t e d  f i e l d  i s  

(5- 31)  

0 

(1= -) 1 1 
cos  a (5-  32 

h where 6 i s  a u n i t  vec tor  p a r a l l e l  t o  t h e  edge, p is a u n i t  vec tor  normal t o  

t h e  edge, and a *  is  t h e  r a d i u s  ou t  t o  t h e  edge. The nega t ive  s i g n  between 

t h e  two c o n t r i b u t i o n s  ar ises  ou t  o f  t he  change i n  phase a t  r e f l e c t i o n  t h a t  

t h e  E f i e l d  i s  s u b j e c t  to .  

3 

3 3 

h 3 3 

- i nc We can t a k e  E 

P 

B 

- -1 and 

- -1 cos g - 1 s i n  p 
X Y 
1 s i n  p - 1 cos  g 
x Y 

X 
- A 

- - 
g iv ing  

2n 
ikr J '  dg [- s i n  p (qX s i n  p - ̂ 1 cos  g) (1 - ) -  

F d  - a t  e 

cos a - - - T T T  Y 
0 

4 1 - cos g (-%x cos p - 1 s i n  g) (1 + 
Y (5- 3 3 )  
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2 i n c  

cos a 

Thus, t h e  f i e l d  due t o  t h e  edge d i f f r a c t i o n  i s  of t h e  same o rde r  o f  

magnitude and t h e  same r e l a t i v e  s i g n  as t h e  specu la r  f i e l d .  

s c a t t e r e d  f i e l d  can be w r i t t e n  a s  

The t o t a l  

e ikr i 6) e a t  e 2 r  2 r  cos  a (5-  35)  

where 6 is  t h e  d i f f e r e n c e  i n  phase between t h e  specu la r  p o i n t  and t h e  edge 

poin ts .  

angle  7, t hen  
If w e  desc r ibe  OUT body by t h e  r a d i u s  a, and t h e  included h a l f  

st - 3 c i n  u - u “I.. 7 

6 = ( a  - a cos 7) 21-t 

l-t a - - -  
- 2  

3l cos  a! = cos (- - r )  = s i n  y 2 

and t h i s  reduces t o  

le=-- a 
2 r  

e i k r l  l + e  2 i  ka (1 - cos 7) 

and t h e  nose-on r a d a r  c r o s s  s e c t i o n  i s  

o = 4na2 cos2 ka (1-cos 7) 

(5- 36) 

(5-37 ) 

Near Nose-On Cross Sec t ion  

I n  t h i s  s e c t i o n  we determine the  c r o s s  s e c t i o n  o f  t h e  d i sh  conf igu ra t ion  

i n  t h e  near  nose-on region. 

s e c t i o n  i n  a r eg ion  such t h a t  

More prec ise ly ,  we w i l l  determine t h e  c r o s s  

(a’ = a s i n  7) 1 

2 ka’ 
s i n  6 > > -  

and 

e < 7. 
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This  r eg ion  is cha rac t e r i zed  by t h e  following: 

a. specular  r e f l e c t i o n  i s  present  

b. a l l  o f  edge i n  "lit" reg ion  

C. t h e  e n t i r e  edge i s  not  i n  phase a t  any angle. - 

To eva lua te  t h e  e f f e c t  of t h e  edge d i f f r a c t i o n ,  we s h a l l  aga in  use t h e  

Sommerfeld s t r a i g h t  r e s u l t .  However, i n  t h i s  case  it i s  c l e a r  t h a t  t h e  

mul t ip ly ing  f a c t o r  used t o  t ransform must t a k e  on a d i f f e r e n t  form. 

nose-on case,  a l l  edge c u r r e n t s  con t r ibu to r s  were i n  phase. 

t h e r e  w i l l  be cons iderable  v a r i a t i o n  i n  phase as we i n t e g r a t e  around t h e  r ing .  

For h igh  frequencies ,  we expect  t h a t  t h e  major con t r ibu t ions  w i l l  come from 

those  p o i n t s  a t  which t h e  phase is s ta t ionary .  

t o  t h e  i n t e g r a l  express ion  f o r  t h e  s c a t t e r e d  f i e l d ,  namely, 

I n  t h e  

I n  t h i s  case,  

To see  t h i s  l e t  us aga in  r e f e r  

ikP  e f ( a , z )  dA. us = R JU; P 
I 

S 

For t h e  i n f i n i t e  s t r a i g h t  edge we again g e t  

Now we consider  a r i n g  d i scon t inu i ty  i n  t h e  x, 
i n t e g r a l  i s  now 

(5- 38) 

S 

and 

p = - ( a t  s i n  e cos a*  + at  s i n  e s i n  s i n  g ' )  

(5-39 ) 

y plane.  The corresponding 

The flT i n t e g r a t i o n  can be performed by s t a t i o n a r y  phase, provided 2kaf s i n  0 

> > 1. For t h e  parameters of  i n t e r e s t  here, namely, ka &(70Gc/s) and 
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37( (35  Gc/s), t h i s  r e q u i r e s  e > > 4' and e > > 6'. 
f i n d  t h a t  t h e r e  are two s t a t i o n a r y  points ,  namely, r e spec t ive ly ,  @ t  = pJ and p J t  
+ J[. 

Using s t a t i o n a r y  phase we 

The r e s u l t  o f  t h e  @' i n t e g r a t i o n  i s  then  

a 

h s i n  8 u3 

where r i s  t h e  d i s t a n c e  from 

+ ' i  i k r  -4. e e r f(a, p J t  

.he f i e l d  p o i n t  -3 t h e  s t a  

(5- 41) 

. ionary po in t ,  -he upper 
s i g n  corresponds t o  t h e  p o i n t  pJr = @ + J( and t h e  lower s i g n  t o  t h e  p o i n t  where 

@ r  = @. 
must be m u l t i p l i e d  by 

Thus, we conclude t h a t  t h e  f i e l d  from t h e  Sommerfeld s t r a i g h t  edge 

(5- 42) 

t o  g ive  t h e  edge c o n t r i b u t i o n s  f o r  our problem. 

Refer r ing  t o  Figure315 f o r  t h e  case  @ r  # @ we see t h a t  t h e  d i s t a n c e  

from a p lane  o f  cons t an t  phase through t h e  o r i g i n  t o  t h e  edge is  

dl = a cos ( 7  - e ) ,  (w3 ; 

a t  = a s i n  7 and t h e  angle  made by t h e  r a y  wi th  t h e  t angen t  t o  t h e  s u r f a c e  i s  

7t al = -i - (7 - e )  

Simi la r ly ,  from Figure 5.15 , we have 

dg = a cos (7 + 0 )  

(5- 44) 



i * 
/ I 
‘ I  

Parameters f o r  @ ’  = @ 

Jr - ( y  + e )  2 

F i g u r e  5.15 
Parameters f o r  pl’ = @ t 
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Using express ion  ( 5.42) wi th  t h e  Sommerfeld edge r e s u l t s ,  we have f o r  

t h e  edge d i f f r a c t e d  terms 

-2ika cos (7  + 1 -e 7 
s i n  ( 7  + e )  

where t h e  upper s i g n  corresponds t o  ??tangent t o  edge a t  @ ?  = #, @ + IT ( v e r t i c a l  

p o l a r i z a t i o n )  and t h e  lower s i g n  corresponds t o  ? t angen t  t o  edge a t  @ '  = @, @ 
+ II ( h o r i z o n t a l  p o l a r i z a t i o n ) .  

i s  v a l i d  on ly  f o r  0 < 7 < 2. 
It is impor tan t  t o  remember t h a t  t h i s  express ion  

To t h i s  we add t h e  specu la r  con t r ibu t ion ,  namely 

i ( k r  - 2 ka) e 

Thus, t h e  c r o s s  s e c t i o n  i s  

I n-. _- 
I 

s i n  y - 8 

c L I I I (  

e l(1 T 1 4- 
1 -  2 b v = s [ a  

~ I I  ka s i n  e 
h 

where T~ E ka [1 - cos ( 7  - e )  I 

v2 = ka [1 - COS (7  + e )  1 
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Experimental Resu l t s  

Previously,  t h e  s t a t i c  c ross  sec t ion  o f  a s p h e r i c a l  segment l a r g e  compared 

wi th  wavelength was determined as a func t ion  of  t h e  s i z e  of  t h e  segment, a s p e c t  

and p o l a r i z a t i o n .  

measurements were performed a t  X band f requencies  on scale models. 

measurements were no t  intended as a sys temat ic  p r e c i s i o n  experiment, b u t  

r a t h e r  a s p o t  check a t  key values  t o  demonstrate t h e  v a l i d i t y  o f  t h e  theory.  

The experiments do i n d i c a t e  t h a t  t h e  magnitudes o f  t h e s e  c o n t r i b u t i o n s  are  
c o r r e c t  b u t  t h e r e  appears  t o  be a phase e r r o r  of t h e  o rde r  o f  t. 
Models: 

To check on t h e  accuracy of  t h i s  eva lua t ion  a s e r i e s  of  

The 

The models were made of  aluminum 12  thousands o f  a n  inch  t h i c k  and t o  an  

accuracy of  approximately 1/10'' o r  h/10. 
aluminum over  a wood mold on a s tandard wood l a t h e .  

was chosen pure ly  on a b a s i s  o f  cos t .  

qu ick ly  and inexpensively,  whereas p rec i s ion  models would have been very  ex- 

pensive.  

t o  be less  than  1/2 db. 

The models were made by sp inning  t h e  

This  method o f  f a b r i c a t i o n  

Models made i n  t h i s  manner can  be made 

Inaccuracy of t h e  experiment due t o  model dev ia t ions  can  be expected 

Seve ra l  models were made, each having a d i f f e r e n t  i n t e r s e c t i n g  ang le  y 
(see Figi. .5.16-A] The he ight ,  h, f o r  each model was g iven  by 

h = 1 N inches  

where N had t h e  va lues  2, 2.5, 3, 3.5, 4.0 and 4.5. Each body i s  l a b e l e d  by 

i t s  va1ue:of N. 
a t  10.15 Kmc, kh = Nn so 2n > kh > 4.511 and ka = &. 
N i s  g iven  i n  Table 5.3. 

1 2  

The r a d i u s  o f  curvature  i n  each case  was 3 1/2 inches.  Thus 

The angle  7 f o r  va r ious  - - 

+ 
N Y 

2.0 48 1/5O 
2.5 54 2/5O 
3.0 60' 
3.5 65 2/5O 
4.0 70 1/2O 

I 4.5 76 2 / 3 O  

Measurements: 

Measurements were made a t  X band f requencies  between 8.5 kmc and 10.0 Kmc. 
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\ 
C .  hd-- 

F i g u r e  5.16A Model Geometry 
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E 

1 
V = N = 2.5, Ver t i ca l  P o l .  

H = N = 2.5, Horizontal  Pol. 

3.5 = N = 3.5 
4.3 = N = 4.2 

I 1 I I I 

8.5 8.75 9.0 9.5 10.0 

Figure 5.16 Nose-On Cross Section V s .  Frequency When N Has Half In teger  Values 
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- A f = 8.> kmc, Pol = V, N = 2.5 

_ _ _ _  B f = 9.0 kmc, Pol = V, N = 2.5 

...... c f = 9.5 kmc, POI = v, N = 2.5 

-.-. D f = 10.0 kmC, P o l  = V, N = 2.3 

-4 I I 1 1 1 10 1 - 

-54O -36' -180 00 180 36' 540 
(Nose-On) Aspect 

Figure 5.17 Cross Section Vs. Aspect For N = 2 1/2 Spherical  Segment 
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A f = 8.5 kmc, Pol = V ,  N = 2.0 

----- B f = 9.0 kmc, Pol = V, N = 2.0 

--- C f = 9.25 kmC, Pol = V, N = 2.0 

* * * * * * * *  D f = 9.5 kmc, Pol = V ,  N = 2.0 

-cy- E f = 10.0 kmc, Pol = V ,  N = 2.0 

Figure 5.18 Cross Section Vs. Aspect For N = 2.0 Spherical Segment 
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For N = 2.0 and 2.5, measurements were made a t  s e v e r a l  in te rmedia te  f r equenc ie s  

and f o r  t h e  o t h e r  models, measurements were made a t  only 9.5 and 1 0  Kmc. 

Measurements were made a t  h o r i z o n t a l  and v e r t i c a l  p o l a r i z a t i o n s ,  b u t  n o t  a l l  
measurements were made a t  both  po la r i za t ions .  

C a l i b r a t i o n s  were made on a 3.5" diameter  sphere whose c r o s s  s e c t i o n  was 
read  from a 15" x 15" semi log  p l o t  of c r o s s  s e c t i o n  VS. frequency. 

e r r o r s  from t h e  c a l i b r a t i o n  c h a r t  i n  t h i s  r e g i o n  are as l a r g e  as a 1 /2  db. 

Background l e v e l s  were kep t  t o  a l e v e l  o f  about  -50 dbM. 

are of course  poss ib l e ,  b u t  except  f o r  c e r t a i n  n u l l s ,  t h e s e  measurements were 

Reading 

B e t t e r  backgrounds 

q u i t e  adequate. 

The far zone c r i t e r i a  of t h e  range being g r e a t e r  than  

2 D2 
A R >- = 4 f t .  

was s a t i s f i e d  by using a range of  7 1 / 2  fee t  throughout.  

Resu l t s  : 
2 Fig-, 5...16 g i v e s  J-1, Llle nnnn-nn ,,vL3L-v.. crcss s e c t i o n  i n  M VS. frequency f o r  t h e  

s p h e r i c a l  segments when N assumed ha l f  i n t e g e r  values .  

der ived  formula, namely 

Based on t h e  

2 u =  2~r a [ 1+ s i n  2 ka ( 1-  cos  7 )  1 
-1 2 t h e  va lue  of  a should be cs = 5 x 1 0  M a t  f = 10.15 Kmc f o r  each va lue  

of  N. 

curve given by 

Actua l ly  t h e r e  appears  t o  be a phase e r r o r  o f  and t h e  d a t a  f i t s  a 

We note  t h a t  t h e  amplitude a t  peak va lues  is  p red ica t ed  a c c u r a t e l y  and t h e r e  

i s  small e r r o r  i n  o t h e r  values .  

Fig. 5.17 g ives  a graph of c ross  s e c t i o n  VS. a s p e c t  f o r  va r ious  f requencies  
f o r  t h e  N = 2 1/2 s p h e r i c a l  segment. We note  t h e  c h a r a c t e r i s t i c  curve f o r  a 

f u n c t i o n  which has two con t r ibu to r s  going i n  phase. Ftig. 5 , . f8g ives  t h e  same 

curves  b u t  f o r  t h e  N = 2.0 sphe r i ca l  segments. 

n u l l  is down by 27 db, and undoubtedly be lower i f  f i n e r  frequency i n t e r v a l s  
5-49 
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were used. 

t h a t  t h e  two c o n t r i b u t o r s  are equal  i n  magnitude a t  nose-on. 

t h e  magnitudes are not  equal.  

Figi..5.19 g ives  a comparison of two extreme cases .  This proves 

O f f  nose-on 

This  i s  p r e c i s e l y  as p red ic t ed  t h e o r e t i c a l l y .  

T h e o r e t i c a l l y  it was a l s o  pred ic ted  t h a t  off nose-on t h e r e  would be a 

p o l a r i z a t i o n  dependence t o  t h e  c ros s  sec t ion .  

of  d i f f e r e n t  po la r i za t ions .  We note  t h a t  a t  9' t h e r e  is  of t h e  o rde r  of  4 db 

d i f f e r e n c e  between h o r i z o n t a l  and v e r t i c a l  p o l a r i z a t i o n s .  From Fig .  5 - 2 1 ,  we 

a l s o  observe t h a t  a t  c e r t a i n  s i t u a t i o n s  ( p a r t i c u l a r l y  deep n u l l s )  t h e r e  i s  a n  

extreme s e n s i t i v i t y  t o  aspec t .  

over 1' aspec t  change and a 26 db change over  a 9' a spec t  change. For 

s i t u a t i o n s  near  peaks (Fig.  5 -20) we observe only 10 db change over 8' 
aspec t  change a t  v e r t i c a l  p o l a r i z a t i o n  and 6 db change over  8' aspec t  change 

a t  h o r i z o n t a l  po la r i za t ion .  

Fig. - 5 .20  & 5 . 2 1  show t h e  e f f e c t  

I n  p a r t i c u l a r  one notes  a 6 db change 

Conclusions: 

The experimental  da t a  demonstrates t h e  b a s i c  v a l i d i t y  o f  t h e o r e t i c a l  
U**U^ ana1 ysis in p r e d i c t i n g  

a) t h e r e  a r e  two con t r ibu t ions  t o  t h e  c r o s s  s e c t i o n  a t  
nose-on; one from t h e  specular  con t r ibu t ion ,  t h e  o t h e r  from 

t h e  r i n g  d i s c o n t i n u i t y  a t  t h e  edge. 

b)  

c)  

t h e s e  con t r ibu t ions  a r e  equal  i n  magnitude. 

t h e  c ros s  s e c t i o n  near nose-on i s  p o l a r i z a t i o n  dependent. 

The experiments a l s o  demonstrate t h a t  t h e r e  i s  an  e r r o r  i n  c a l c u l a t e d  

t h e o r e t i c a l  phase, most l i k e l y  of the o r d e r  of  x/4. 
i n d i c a t e  t h a t  t h e  phase of  t h e  edge term i s  e s s e n t i a l l y  t h e  same as ob- 

t a i n e d  by both Siege1 and Ke l l e r  (Reference 9 and 10) f o r  t h e  f i n i t e  cone, 
which has  a wedge d i s c o n t i n u i t y  of a s i m i l a r  na ture .  A p o s s i b i l i t y  e x i s t s  

t h a t  t h e  e r r o r  i s  e s s e n t i a l l y  a lgeb ra i c  o r  due t o  t h e  use  o f  t h e  

Kirchhoff  i n t e g r a l .  

A check of  t h e  phases  

Usual ly  i n  s c a t t e r i n g  problems a phase f a c t o r  of  t h i s  t ype  i s  in s ign i -  
We note  i n  t h i s  case t h a t  the phase is  very important  i n  t h a t  t h e  f i c a n t .  

va lue  of  n ( index  of  r e f r a c t i o n  o f  plasma) f o r  which t h e  n u l l s  occur i n  t h e  

proposed explana t ion  of  t h e  experiment i s  based on t h e  a c t u a l  values  o f  t h e  

phase. Thus we see t h a t  t h e  value o f  n prev ious ly  der ived  i n  memo 1720-3-M 

i s  wrong. 5- 50 



-A € - 3.~~2' krnc, 
P o l  V, N - 2.'> 

----B f = 9.500 krnc, 
Pol . -  V, N = 2.0 

Aspect 

Figure 5.19 Cross Section V s .  Aspect f o r  Two Extreme Cases 
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f = 10 kmc, Pol = V, N = 2.5 

----- f = 10 kmc, Pol = H, N = 2.; 

Figure 5.20 Cross Section Vs. Aspect a t  Two Polar iza t ions  
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I I 1 1 I 1 I 

-54O -36' -lao O0 18' 36 54O 

Figure 5.21 Cross Section Vs. Aspect a t  Two Polar iza t ions  
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3 i 3  D i f € u s e  S c a t t e r i n g  Mechanisms 

A l a r g e  number of  au tho r s  have es t imated  t h a t  by us ing  a l a r g e  number 

o f  r e f l e c t o r s  on a sphere,  r a d a r  c ross  s e c t i o n  enhancement can be obtained. 

I n  t h i s  s e c t i o n  we s h a l l  d i scuss  two such mechanisms. The f i rs t  is  t h e  

placement o f  resonant  d ipo le s  uniformly, wi th  random o r i e n t a t i o n  on t h e  

s u r f a c e  o f  t h e  sphere.  

t o  be an  adequate d e s c r i p t i o n  of i t s  e f f e c t  i n  t h e  l i t e r a t u r e ,  

Although t h i s  i d e a  i s  no t  new, t h e r e  does not  seem 

S c a t t e r i n g  from a Dipole 

I n  a s tandard  s p h e r i c a l  coordinate  system, a ha l f  wave d ipole ,  opera t ing  

i n  i t s  resonant  mode and o r i e n t e d  i n  t h e  z d i r e c t i o n  w i l l  have a r a d i a t i o n  

f i e l d ,  [E, - -  H 1 given by 

gkR A 
e BI - E r; - Z7-f F(.8)% 

ikR A iI e 
Z7-f r H = - F(8) - cp - 

where 

COS (? n COS e )  
F(8) = 

s i n  8 

(5-49) 

(5-50) 

A A 
R = r a d i a l  d i s t ance ,  I = maximum cur ren t  amplitude,  and 8 and cp are t h e  usua l  

u n i t  vectors .  

d i r e c t i o n  of  inc idence  eo, and p o l a r i z a t i o n  p 
va lues  o f  R, t h e  t o t a l  f i e l d  i s  

If an  incoming plane wave i s  i n c i d e n t  upon t h e  d ipole ,  wi th  

[($o*80) = 0 1, f o r  l a r g e  0' 



The energy f l u x  i n  t h e  r a d i a l  d i r e c t i o n  i s  then  

.-..I 

Real p a r t  [E - -  x H] - 3 = 

The conserva t ion  of  energy d i c t a t e s  t h a t  t h e  t o t a l  energy f l u x  a c r o s s  a 

l a r g e  sphere  be zero,  o r  

I n t e g r a t i o n  of  (53), and l e t t i n g  R:, 8 ,  g ives  

(F(e))2 s i n  Bde = -i;- 21 F(Qo) )po*Bo),  4 4  

J=,(F(e))2 s i n  ede 

Therefore ,  t h e  s c a t t e r e d  e l e c t r i c  f i e l d ,  us ing  (5-49) and 6 - 3 4 )  is 

zi F(8) F(eO) 

(5-54) 

(5-55 ) 

/""(F(0))2 s i n  ede 
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Now cons ider  a s u r f a c e  wi th  gene r i c  po in t  $. 
of t h e  i n c i d e n t  and s c a t t e r e d  f i e l d ,  and l e t  

l y i n g  i n  t h e  t angen t  plane.  

Let U and U be t h e  d i r e c t i o n s  
0 

be a u n i t  vec to r  on t h e  sur face ,  

I n  terms o f  t h e  preceding d iscuss ion ,  

A n  n A  
COS eo = ( z*u0)  , COS e = (zJ), 

A A A A  A A A / \  A / \  

eo = (uo  . Z )  uo - z e = ( V Z )  u-z . 
7 s i n  4 ' ' s i n  8 

0 

A / \ A  
if q i s  a u n i t  vec tor ,  q*U = 0, t h e  component of t h e  s c a t t e r e d  f i e l d  i n  t h e  

4 
d i r e c t i o n  q is :  

-.- 
COS (n/2 COS e )  COS (n/2 COS eo) 

s i n  2 eo 
s c  E& = zi - 

k 9 

l', 

Since z i s  i n  t h e  tangent  p l a n e  w e  can w r i t e  

4 A 4 
z = ( s i n  a) e, + ( cos  a) e2, 

4 A 
where el and e2 a r e  two f i x e d  orthogonal vec to r s  i n  t h e  t angen t  plane.  Then 

2 
COS n/2 COS e )  de 

s i n  8 

Then th ink ing  of t h e  d ipo le s  as being uniformly 

Using numerical  i n t e g r a t i o n ,  t h e  quan t i ty  J'l ( 
can  be approximated by 6 / 5 .  
d i s t r i b u t e d ,  b u t  wi th  random or i en ta t ion ,  on t h e  s u r f a c e  of a sphere,  wi th  

random, but  uniform, o r i e n t a t i o n ,  t h e  t o t a l  q component of  t h e  s c a t t e r e d  

f i e l d  is  
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where p = number o f  d ipo le s  I u n i t  area,  a = r a d i u s  of  sphere,  t h e  i n t e g r a l  

i s  extended over t h e  i l lumina ted  por t ion  of t h e  sphere,  and G(?)  i s  t h e  

random va r i ab le :  

If t h e  sphere i s  l o c a t e d  a t  t h e  center  o f  an  (X, Y,  Z )  coord ina te  system, l e t  

A 4 u = r p z  
0 

4 6 A 
U = s i m  p X + cos p Z, - (5-60) 

A Po=s J q = c o s p X - s i m p Z  - , where "i 4 I .  - 4 

p is t h e  b i s t a t i c  angle .  

phase, assuming ka >>1, we ob ta in  

Then, evaluat ing t h e  i n t e g r a l  (57) by s t a t i o n a r y  

2 a  UCR 
Eq -m  -5 [p  h 1 - cos p/2 Gs) + 
+ where r is t h e  s t a t i o n a r y  phase point ,  

s 

n 4 
i! = a [simg/2 x - + cos p/2 Z I  s 

The expected value of  t h e  c r o s s  sec t ion  i s  then  

( 5-61) 

( 5-62) 
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Reca l l ing  @6), 
t h e  i n t e g r a l  

where G(?s )  is  

- 9 2  we can now f i n d  t h e  expected value of I G ( r  ) I by eva lua t ing  
S 

given by (38 ) .  To eva lua te  (58) we first observe t h a t  t h e  

q u a n t i t y  L l  COS */2 COS e ranges,  i n  value,  between '4 I[ and 1. We s h a l l  s i n  8 

t h e r e f o r e  r ep lace  t h e  i n t e g r a l  (64) by 

p2 .2* 

2' 0 - J [po *$) (to;) l2 da, 

i n  which f < 7 < 1. Using (56) t h e  f ac t  t h a t  

A 
n, where 

(5-65 ) 

A 4 n i s  t h e  u n i t  normal t o  t h e  sur face ,  n being given by :s/a (62), and t h e  

d e f i n i t i o n  o f  po, i n  (61), we secure A 

( l G ( r s )  I ') = p4 cos 4p/2. 

The va lue  of  t h e  expected value of CI i s  then  

Consequently, i f  n d ipo le s  are  p resen t  

8/2 

h h  i n  every - x - 
2 1  2 rec t ang le ,  

(5-66) 
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I n  o rde r  f o r  any s i g n i f i c a n t  enhancement t o  occur,  it is necessary t h a t  

n 2; If n > 3, mutual coupl ing between t h e  d ipo le s  w i l l  become s i g n i f i c a n t ,  

making ( 6 5 )  an u n r e l i a b l e  es t imate .  

avoided by p lac ing  two or thogonal  d ipoles  i n  each - x 2 c e l l .  

If n=2, t h e  mutual coupl ing can be 
A h  
2 

5.3.1 Analys is  of  s u r f a c e  waves on a wire mesh bal loon.  

It has been found t h a t  a wire mesh ba l loon  whose mesh s i z e  and wire 

r a d i u s  i s  much l e s s  t han  a wavelength e x h i b i t s  a r a d a r  c ros s  s e c t i o n  r e t u r n  

having a ga in  over a metal sphere of equal  r ad ius .  

formed on a square wire  loop i n  order t o  exp la in  t h i s  phenomena. 

c a l l  t h i s  t ype  of  a n a l y s i s  a "microscopic approach". 

a t tempt  is  made a t  expla in ing  tile publleiii by csnsidering t h e  e n t i r e  ba l loon  

s u r f a c e  as a c o l l e c t i o n  o f  randomly d i s t r i b u t e d  square wire meshes and then  

looking  a t  t h e  o v e r a l l  s u r f a c e  phenomena a s s o c i a t e d  wi th  it, o r  i n  o the r  

words , a "macroscopic approach". 

Analysis  has been per- 

One may 

I n  t h i s  memo an  

Experimental  evidence on f l a t ,  square  wire  meshes has i n d i c a t e d  t h a t  a 

s u r f a c e  wave phenomena does seem t o  e x i s t  which i s  riot r e l a t e d  t o  wire  loop 

behavior  and l e a d s  one t o  consider  t h e  broad p r o p e r t i e s  of t h e  mesh as 

opposed t o  t h e  i n d i v i d u a l  "loop" phenomena. 

t h a t  t h e  wire mesh has two main con t r ibu to r s :  a f l a t  p la te  c o n t r i b u t o r  and a 

t r a v e l i n g  wave con t r ibu to r ,  where t h e  t r a v e l i n g  wave is  not iced  a t  a s p e c t s  

near  edge on and t h e  f l a t  p l a t e  i s  no t i ced  broadside t o  t h e  mesh. 

a n a l y s i s  an  ex tens ion  i s  made t o  t h e  ca se  of a l a r g e  sphere made up of  a 

c o l l e c t i o n  o f  wire mesh patches.  

a c o l l e c t i o n  of  average mesh patches randomly d i s t r i b u t e d  over  t h e  sphere.  

The computed r e s u l t s  i n d i c a t e  t h a t  a ga in  over a metal sphere can  be expected 

and t h e  ga in  i s  both frequency and wire  l e n g t h  dependent. 

When t h i s  i s  done it i s  found 

From t h i s  

This type  of  a n a l y s i s  i s  conducted assuming 

5.3.2 F l a t  P l a t e  Analysis  

I n  o rde r  t o  determine t h e  behavior of  a wire mesh whose mesh s i z e  is  

small compared t o  a wavelength an experiment was conducted on a p lane  wire  

mesh. The mesh was s i x  inches square znd p laced  on a f l a t  p i ece  of styrafoam. 
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The resu l t s  were t h e n  c a l i b r a t e d  t o  a f l a t  metal p l a t e  f o r  comparison. 

measurements were made a t  two frequencies,  3.35 Kmc and 5.42 Kmc; t h e  r e s u l t s  

a t  bo th  h o r i z o n t a l  and v e r t i c a l  p o l a r i z a t i o n s  a t  5.42 Kmc are shown i n  

F i g u r e s 5 . 2 2  a n d 5 . 2 3 ,  and t h e  results a t  j u s t  h o r i z o n t a l  p o l a r i z a t i o n  a t  

3.35 Kmc i s  shown i n  F i g u r e 5 . 2 4 .  

i s  t h a t  a t  a s p e c t s  near  edge on f o r  h o r i z o n t a l  p o l a r i z a t i o n  an i n c r e a s e  over 

a f l a t  p l a t e  is  apparent  f o r  t h e  5.42 Kmc case bu t  no t  t h e  3.35 Kmc case.  

I n  add i t ion ,  t h e  o s c i l l a t o r y  behavior i s  a l s o  d i f f e r e n t  i n  t h a t  t h e  peak 

widths are broader t h a n  one would normally expec t  from j u s t  a f l a t  p la te  type  

r e t u r n .  

phenomena similar t o  t r a v e l i n g  waves. A t  v e r t i c a l  p o l a r i z a t i o n  t h e  r e s u l t s  

fer h ~ t h  +he f l a t  p l a t e  and t h e  wire mesh a r e  i d e n t i c a l  except f o r  a s l i g h t  

l o s s  due t o  energy t r a n s m i t t e d  through t h e  mesh. 

The 

The i n t e r e s t i n g  t h i n g  about t h e  r e s u l t s  

This i n d i c a t e s  t h a t  smal l  f l a t  p l a t e s  g i v e  r i se  t o  su r face  wave 

I n  o rde r  t o  exp la in  t h e s e  resu l t s  we hypothesize a s u r f a c e  wave phenomena 

occur r ing  wi th  t h e  expected l a r g e  f l a t  p l a t e  behavior.  

wave phenomena is  the t r a v e l i n g  wave s i n c e  w e  can cons ide r  each wire ( o r  

groups o f  wires) as a t r a v e l i n g  wave generatcr. 

average  o r  random phase c r o s s  sec t ion  f o r  a wire mesh would simply be, 

The obvious s u r f a c e  

Vnder this assumption t h e  

where 

-k 'T.W. F.P. 
< a > =  u 
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f = 5 .42  kmc 

Horizontal P o l .  

Aspect Angle off Braodside 

Figure 5.22 Cross Section o f  a 6” Wire Screen 
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Figure 5.23 Cross Section of a 611 Wire Screen 
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t = 3.3 kUlC 

Horizonta l  Pol. 
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Aspect Angle 

Figure 5.24 Cross Section of a 6" Wire Screen 
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1 + - ((p-1) cos  (I + p) ]  + ( p  + 1) cos \ 5 (1-p)  + 1 

2p3 . I + - i ( p - 1 )  cos  i 5 (I + p) j  + ( p  + 1) cos \ 5 (1-p)  
1 + 
2p3 . 

p i s  t h e  r e l a t i v e  phase ve loc i ty  

y i s  t h e  cu r ren t  r e f l e c t i o n  c o e f f i c i e n t  

L i s  t h e  wire length .  

I n  o rde r  t o  determine t h e  v a l i d i t y  of Equation ( 6 8 )  it is  necessary t o  

e s t a b l i s h  values  f o r  t h e  r e l a t i v e  phase v e l o c i t y  and t h e  c u r r e n t  r e f l e c t i o n  

c o e f f i c i e n t .  

cons t an t  i s  g r e a t e r  t han  one. 

a.nd it i s  found t h a t  p - .93. 
much more s u b t l e  q u a n t i t y  i n  t h a t  a t  p re sen t  no a n a l y t i c a l  methods are  

a v a i l a b l e  f o r  determining i t s  value.  We would expect ,  however, t h a t  7 would 

be s e n s i t i v e  t o  both frequency and mesh s i z e  s i n c e  t h e  number of t r a v e l i n g  

wave gene ra to r s  would depend on both t h e s e  q u a n t i t i e s .  

experimental  r e s u l t s  t o  t h e  t h e o r e t i c a l  c a l c u l a t i o n  we f i n d  t h a t  y is about  

2.1 and t h a t  7 i nc reases  s l i g h t l y  f o r  i nc reas ing  frequency. 

The wire mesh i s  coated wi th  a p l a s t i c  m a t e r i a l  whose d i e l e c t r i c  

So we would expect  a value f o r  p less t han  one 

The c u r r e n t  r e f l e c t i o n  coef f ic ien t ,  7 ,  i s  a - 

By f i t t i n g  t h e  

The r e s u l t s  ob ta ined  using the  above information are shown i n  F igures  

5.25 and 5 . 2 6 .  
wire  mesh i s  c l o s e l y  matched using random phase add i t ion .  

from t h e  experiment could no doubt be explained had we taken phase i n t o  

account.  

ga in  over a l a r g e  f l a t  p l a t e  a t  aspec ts  near edge on f o r  a h o r i z o n t a l l y  

po la r i zed  plane W ~ V C ,  

I t  i s  seen from these r e s u l t s  t h a t  t h e  c r o s s  s e c t i o n  f o r  t h e  

The dev ia t ion  

We can t h e r e f o r e  conclude t h a t  a t r a v e l i n g  wave g ives  r i s e  t o  t h e  
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H o r i z o n t a l  P o l .  

Exp. Curve --- 

e 

Aspect Angle 

Figure 5.25 Theoretical Cross Section of a 6" Wire Mesh 
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f = 3.35 kmc 
Horizontal P o l .  
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Figure 5.26 Theoretical Cross Section of  a 6" Wire Mesh 
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5.4 Balloon Analysis  

The purpose of t h e  preceding sec t ion  i s  t o  e s t a b l i s h  a t h e o r e t i c a l  approach 

i n  t h e  hope of  expla in ing  t h e  ga in  found over a meta l  sphere when t h e  sphere  is  

composed of  wire meshes. 

pentagonal  and hexagonal wire mesh patches imbedded i n  a mylar f i l m .  

d e s c r i p t i o n s  are shown i n  Figure 5.27. 
f o r  such a sphere some kind of  averaging process  i s  necessary t o  extend t h e  

prev ious  r e s u l t s  t o  cover t h e  case  of a wire mesh sphere.  

fo l lowing  assumptions are made: 

of square  mesh pa tches  randomly d i s t r i b u t e d  over t h e  su r face ;  each patch has  

t h e  same p r o b a b i l i t y  of being or ien ted  along t h e  i n c i d e n t  p o l a r i z a t i o n  vec to r ;  

t h e  s c a t t e r e d  f i e l d  due t o  each patch can be added i n  a random phase fash ion .  

These assumptions, which are not  unreasonable owing t o  t h e  s i z e  o f  t h e  sphere  

and t h e  number of  patches,  l e a d s  us  t h e n  t o  t h e  fol lowing a n a l y s i s .  

The sphere i n  ques t ion  c o n s i s t s  of  a c o l l e c t i o n  o f  

The pa tch  

I n  o rde r  t o  o b t a i n  a meaningful a n a l y s i s  

Therefore,  t h e  

The sphere can be thought  of  as a c o l l e c t i o n  

The pa tches  a r e  f i rs t  analyzed t o  o b t a i n  an average wire l e n g t h  and an 

We then  compute a weighted average over average number of  wires  pe r  patch.  

t h e  t o t a l  number of  patches used based OII  how many of each t;7pe of p a t c h  a r c  

on t h e  sphere.  This  g ives  us  a c o l l e c t i o n  of  square patches 27.3" on a s i d e  

c o n s i s t i n g  o f  220 wires  per  patch.  

write t h e  c r o s s  s e c t i o n  of t h e  wire mesh sphere  as, 

The o t h e r  assumptions now allow u s  t o  

2n n/2 
I '  I '  

2 + J J  o o 0 T.W. cos  cp dcp u =  d 
2n sphere 

where cp is  t h e  angle  made by each pa tch  wi th  t h e  p o l a r i z a t i o n  vector .  

( 6 9 )  when t h e  appropr i a t e  va lues  f o r  u 
Equation 

and a are i n s e r t e d  becomes, sphere T.W. 



.. .. .. 
M aJ a l -  
.ri .d .d '4 
c, 3 3 +  m m 
0 k 
0 m 

a, aJ cn 

c k k i ;  
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I n  o r d e r  t o  eva lua te  t h e  i n t e g r a l  i n  Equation (?O),  w e  must in t roduce  f u r t h e r  

approximations,  namely kL >> 1, p < 1 and t h a t  s i n  38 does no t  vary g r e a t l y  

between 8 = 0 and 8 = cos 

most measurements w i l l  be between S and C band, and f o r  t h e  sphere p is  l e s s  

t h a n  1 b u t  g r e a t e r  t h a n  0.9. 

T l i i s  is c e r t a i n l y  not  unreasoiiable si ncc -I&. 1 

When t h i s  is  done we ob ta in ,  

L 

kL s i n  - 3 &  s i n  2kL s i n  - 
2K1 

kL 

- kL - - - 
P P *P P 

+ 1 2  

P( kL> 

= (1 - 4 p )  
P 
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Since kL >> 1 we can express  t h e  above i n  terms of a s e r i e s  involv ing  powers 

of  l/kL s o  t h a t  t o  o rde r  (l/kL)2 we can w r i t e  

This g ives  f o r  t h e  c r o s s  s e c t i o n  o f t h e  ba l loon ,  

We m u s t  s t i l l  determine y and p f o r  t h e  wire  mesh patches.  If t h e  wire is  

imbedded i n  a material whose d i e l e c t r i c  cons t an t  i s  g r e a t e r  than  one, t hen  

p w i l l  be some number less  than  one, c a l l  it 1, where f o r  t h e  f l a t  mesh u s e d  

be fo re  7 - - .93. 

on t h e  sphere then  p can be expressed as 

Since t h e r e  w i l l  be a curva ture  a s soc ia t ed  wi th  each pa tch  

(3-73 

For a sphere of  r ad ius  84" and assuming 1 i s  aga in  0.93, p 2: 0.92. 
remains t o  f i n d  a reasonable  7 f o r  t h e  wire  meshes used on t h e  sphere.  

w i l l  a l s o  be e f f e c t e d  by t h e  curvature  i n  a d d i t i o n  t o  frequency and mesh s i z e .  

However, based upon t h e  f l a t  mesh r e s u l t s  we have determined a probable  7 f o r  

t h e  f r equenc ie s  considered. 
s i n c e  t h i s  seems t o  be about  t h e  value found f o r  y us ing  curved bodies . .Ref .  11. 

Fur the r  experimentat ion i s  necessary t o  determine a more accu ra t e  va lue  of  7. 

I t  s t i l l  

7 

We have then  mul t ip l i ed  t h i s  7 by a f a c t o r  of  0.7 

5.3 Conclusion 

Since no f u r t h e r  experimental  r e s u l t s  on t h e  mesh sphere a re  a v a i l a b l e  

a t  t h i s  time no c l e a r  c u t  conclusions can  be drawn. However, t h e  r e s u l t s  

ob ta ined  do p r e d i c t  a ga in  over a meta l  sphere o f  t h e  o rde r  of  magnitude found 

by p a s t  experiments using a s imi l a r  ba l loon  a t  t h e  h igh  frequency. F i g u r e 5 . 2 8  

11 End-Fire Echo Area of Long, Thin Bodies, L. P e t e r s ,  PCAP, 1/58, Pgs. 132-139 
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F i g u r e  5.28 Cross Sect ion Vs. h f o r  a Wire Mesh Sphere 
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shows t h e  expected r e s u l t s  down t o  L band where s u r p r i s i n g l y  t h e  a d d i t i o n a l  

c o n t r i b u t i o n  o f  a t r a v e l i n g  wave is  found t o  be less t h a n  a t  C band. S ince  

t h i s  i s  a f i r s t  o rde r  approach t o  t h e  problem we cannot  expec t  remarkably 

accu ra t e  resul.ts, however, if f u r t h e r  experimentat ion i n d j  c a t e s  t h a t  t h i s  

is t h e  proper  approach a d d i t i o n a l  a n a l y s i s  on a more e x a c t  b a s i s  should be 

c a r r i e d  o u t .  

Another important  r e s u l t  is t h a t  small f l a t  p l a t e s  g ive  r i s e  t o  no t ice-  

a b l e  s u r f a c e  waves which o r i g i n a t e  a t  t h e  edge of t h e  p l a t e  and behave i n  

s imilar  f a sh ion  t o  a t r a v e l i n g  wave. Since t h e  coa t ing  on t h e  mesh was an 

irnlnortant cons ide ra t ion  i n  determining t h e  r e s u l t s  one would expec t  t h a t  a 

coated small  f l a t  p l a t e  would accomplish about t h e  same r e s u l t s .  

i s  c e r t a i n l y  worth looking i n t o .  

This hypothes is  
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. 

I n  t h e  preceding,  a theory  had been worked ou t  whereby it was pos tu l a t ed  

t h a t  one would expect  a t r a v e l i n g  wave phenomenon along with t h e  p h y s i c a l  

o p t i c s  r e s u l t s  when observing t h e  radar  c r o s s  s e c t i o n  of a f l a t  wire mesh 

pa tch .  

determine t h e  a d d i t i o n a l  cont r ibu t ion .  

t r a v e l i n g  wave c r o s s  s e c t i o n  f o r  a f l a t  wire mesh is determined from antenna 

theory .  

mental  r e s u l t s .  

q u a n t i t a t i v e l y  are  obta ined .  

one would expect  when observing a bal loon e n t i r e l y  made up of  wire mesh 

pa tches .  

sphe re  we merely sum t h e  major con t r ibu t ion .  This l eads  t o  r e s u l t s  very 
s imilar  t o  those  p rev ious ly  obtained. The major d i f f e rence  is  t h a t  now, y, 

t h e  vo l t age  (or c u r r e n t )  r e f l e c t i o n  c o e f f i c i e n t  is a more meaningful e n t i t y  

s i n c e  it is  e n t i r e l y  dependent upon t h e  pa tch  i t se l f  and n o t  on t h e  s i n g l e  

wire concept as  "uefore. 

f o r  t h e  pa t ch ;  however, t h i s  can be done experimental ly  on e i t h e r  f l a t  o r  

curved pa tches .  

s i n  as o t h e r  experiments '(12) have ind ica t ed .  I t  is a l s o  noted t h a t  y w i l l  

va ry  with wavelength and i n  a l l  l i ke l ihood  it w i l l  vary with p l a t e  te rmina t ion  

and r e l a t i v e  phase ve loc i ty ,  p. 

be guessed a t  b u t  f u r t h e r  experiments may lead  t o  more exac t  de te rmina t ion .  

The t r a v e l i n g  wave c r o s s  sec t ion  a s soc ia t ed  with a wire was used t o  

The theory  is  now extended and t h e  

The r e s u l t s  a r e  then  computed and compared t o  t h e  prev ious  experi-  

I t  is shown t h a t  e x c e l l e n t  agreement both q u a l i t a t i v e l y  and 

We again extend t h e  r e s u l t s  t o  cons ider  what 

However, i n s t ead  o f  i n t e g r a t i n g  t h e  t r a v e l i n g  wave over t h e  e n t i r e  

We still a r e  l e f t  with t h e  dilemma o f  determining y 

Prel iminary r e s u l t s  do i n d i c a t e  t h a t  y is p r o p o r t i o n a l  t o  

How t h e s e  o the r  f a c t o r s  w i l l  e f fec t  y can only 

In  order  t o  compute t h e  r a d a r  c r o s s  s e c t i o n  of a f l a t  p l a t e  which t a k e s  

i n t o  account  t h e  t r a v e l i n g  wave we w i l l  d e r ive  an express ion  s i m i l a r  t o  

P e t e r ' s  (13) express ion  f o r  long, t h i n  bodies .  The r a d a r  c r o s s  s e c t i o n  

due t o  t h e  t r a v e l i n g  wave on an antenna is given by 

(5-74) 

where G(0,cp) is t h e  gain func t ion  of  t h e  antenna a t  some p o i n t  o t h e r  than  

maximum. The ga in  func t ion  can be expressed as :(14), 

Reference 12: E. LeBaron, Conductron Memo D661&9-M, June 1962 
Reference 13: L. Pe te rs ,  End-Fire Echo Area o f  Long, Thin Bodies, PGAP, 

Reference 14: J. D. Krauss, Antennas, McGraw-Hill Book Co. Inc., N.Y., N.Y. 
P.133 - 139, Jan. 1958 
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where U is t h e  r a d i a t i o n  i n t e n s i t y  i n  t h e  d i r e c t i o n  ( B , c p ) ,  U 

r a d i a t i o n  i n t e n s i t y  and G is t h e  gain.  

i s  l o s s l e s s  then  

is t h e  maximum m 
If we f u r t h e r  assume t h a t  t h e  antenna 

where D is t h e  d i r e c t i v i t y  and f(8,cp) is t h e  antenna p a t t e r n  f a c t o r .  

S u b s t i t u t i n g  (5-75) f o r  G(8,cp) i n t o  Equation (5-74) f o r  u g ives  

(5- 75) 

(5- 76) 

Krauss (15) 
is given by 

has  shown t h a t  f o r  a broadside r ec t angu la r  a r r a y  t h e  d i r e c t i v i t y  

where A is a r e a  o f  t h e  a r r ay .  

v a l i d  even i f  t h e  a r r a y  is n o t  n e c e s s a r i l y  r ec t angu la r .  

f(0,cp) is determined by t h e  p a t t e r n  f a c t o r  f o r  an  ind iv idua l  wire which is 

o r i en ted  p a r a l l e l  t o  t h e  e lec t r ic  f i e l d .  

one would f i n d  f o r  a wire g iv ing  rise t o  a t r a v e l i n g  wave, then  f o r  cp = 0, 

He f u r t h e r  s t a t e d  t h a t  t h i s  d i r e c t i v i t y  is 

The p a t t e r n  f a c t o r ,  

If we assume f(e,cp) i s  t h e  same a s  

where a is t h e  wire l eng th  and p the  r e l a t i v e  phase v e l o c i t y .  
Equation (5-77) then  is  t h e  expected r e t u r n  due t o  t r a v e l i n g  wave phenomena 

Reference 15: J. D. Krauss, Antennas, M c G r a w - H i l l  Book Co. Inc., N.Y., N.Y. 
P.l21,1950 
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assoc ia t ed  wi th  a f l a t  p l a t e .  

observes from a f l a t  p l a t e  we must a l s o  cons ider  t h e  well known o p t i c s  r e t u r n  

which is g iven  by 

In  order  t o  determine t h e  c r o s s  s e c t i o n  one 

(5- 78) - -  2 s in2(ka cose )  
2 4nA s i n  e - 

(ka cose)  f .p .  2 0 

h, 

By adding i n  random phase t h i s  leads  t o  

Equation (5-79) 
was found t h a t  7 could be w r i t t e n  as  y = 7 
bu t  appeared t o  vary  wi th  wavelength. Since our  r e s u l t s  a r e  f o r  h = .056m 
U. 3. = .085m this f s  z e r t a i ~ J y  r?ot conclusive,  The r e s u l t s  of experiment 

versus  theo ry  are shown i n  F igures  5.22, 2 3 .  It i s  f u r t h e r  noted t h a t  t h e s e  

results are f o r  p = .92 which is about t h e  same as previous ly  ind ica t ed .  

was compared t o  t h e  r e s u l t s  ob ta ined  experimental ly  and it 

s i n e  where 7 was about 0.28 
0 0 

I n  o r d e r  t o  extend our  resu l t s  t o  t h e  ba l loon  we aga in  employ an 

averaging process  of t h e  patches and assume they  are a l l  r e c t a n g u l a r  and 

evenly d i s t r i b u t e d  over  t h e  sphere. 

t r i b u t i o n  o f  wire o r i e n t a t i o n  then  we can wri te  t h e  average c r o s s  s e c t i o n  

due t o  t h e  t r a v e l i n g  wave over  a r b i t r a r y  l i n e a r  p o l a r i z a t i o n  as 

2n 

If w e  f u r t h e r  assume a random dis-  

0 

A t  t h i s  po in t ,  i n s t e a d  of i n t e g r a t i n g  cvc r  t h e  sphere we must t a k e  i n t o  

account  t h a t  t h e r e  a r e  a f i n i t e  number of  pa tches  on t h e  i l l umina ted  side. 
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c 

If we assume t h a t  it w i l l  only be necessary t o  cons ider  t hose  patches which 

g ive  r i s e  t o  t h e  l a r g e s t  r e t u r n  then a l l  we need do is  sum over a band of  

average r ec t angu la r  pa tches  whose normal makes t h e  angle  wi th  t h e  i n c i d e n t  

vec tor  t h a t  g ives  r i se  t o  t h e  l a r g e s t  return., 

wave c o n t r i b u t i o n s  due t o  t h e s e  patches would then  be 

The sum of  t h e  t r a v e l i n g  

2 2 c r  cos(0max) 1 -  4nA * sin2(emax) [ a h2 yo 

where r is  t h e  sphere rad ius .  

t h e  sphere we must add t h e  specular  r e t u r n ,  however, s i n c e  t h e  pane ls  w i l l  

now have a cu rva tu re  a s soc ia t ed  with them it would be u n r e a l i s t i c  t o  add t h e  

f l a t  p l a t e  r e tu rn .  

r e t u r n  from t h e  sphere  and t h i s  gives,  

I n  order  t o  determine t h e  c r o s s  s e c t i o n  of  

Hence, as before,  we add i n  random phase t h e  specuLar 

l-P .t.L in addition 'a f a  l a r g e  we 28:: appreximate 8 by max 

(0.861) r ad ians  emax a 

s o  t h a t ,  

2 2 h  s i n  (emax) (0.861) - a I 

Then our express ion  f o r  <a> becomes 

(5- 83 )  

F igure  5 .29  i s  a p l o t  of Equation (5-83) over a small range of h 

p r i m a r i l y  because we chose 7 = .28 which is  what was obta ined  f o r  f l a t  p l a t e  

d a t a  near  t h e s e  frequencies .  Since w e  would expect  7 
t e rmina t ions  and coat ings,  f u r t h e r  ex tens ions  of  Equation (5-8 3 )  

0 

t o  vary wi th  frequency, 
0 

without  more 
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Figure 5.29 Cross Sect ion of a Wire Mesh Balloon 
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s u b s t a n t i a l  information on 7 is  unreasonable. 

The r e s u l t s ,  as before ,  i n d i c a t e  a g a i n  over  t h e  sphere  on t h e  average. 

0 

We must also t a k e  i n t o  account t h a t  i n  r e a l i t y  one would expect  a r a p i d  

o s c i l l a t o r y  behavior  as a func t ion  o f  a spec t  s i n c e  t h e r e  w i l l  bc many plicisc 

e f f e c t s  from a l l  t h e  con t r ibu to r s .  

s i n c e  due t o  t h e  m u l t i p l i c i t y  o f  con t r ibu to r s  only a very few would be 

e i t h e r  i n  or  o u t  of  phase whereas most would be randomly phased. 

o f  computing t h e  f i n e  s t r u c t u r e  would be formidable  e s p e c i a l l y  a t  t h e  

f r equenc ie s  of  i n t e r e s t .  

is  t h e  most reasonable  approach t o  t h i s  problem. 

We would not  expect  l a r g e  osc i l . l a t i ons  

The t a s k  

It is  t h e r e f o r e  f e l t  t h a t  t h e  random phase approach 
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